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Abstract. 

We present the first statistical analysis of the complete ESO-Sculptor Survey (ESS) of faint galaxies. The flux- 
calibrated sample of 617 galaxies with R c < 20.5 is separated into 3 spectral classes, based on a principal 
component analysis which provides a continuous and template-independent spectral classification. We use an 
original method to estimate accurate K-corrections: comparison of the ESS spectra with a spectral library using 
the principal component analysis allows us to extrapolate the missing parts of the observed spectra at blue 
wavelengths, then providing a polynomial parameterization of K-corrections as a function of spectral type and 
redshift. We also report on all sources of random and systematic errors which affect the spectral classification, 
the K-corrections, and the resulting absolute magnitudes. 

We use the absolute magnitudes to measure the Johnson-Cousins B, V, R c luminosity functions of the ESS 
as a function of spectral class. The shape of the derived luminosity functions show marked differences among the 
3 spectral classes, which are common to the B, V, R c bands, and therefore reflect a physical phenomenon: for 
galaxies of later spectral type, the characteristic magnitude is fainter and the faint-end is steeper. The ESS also 
provides the first estimates of luminosity functions per spectral type in the V band. 

The salient results are obtained by fitting the ESS luminosity functions with composite func t ions based 
on the intrinsic luminosit y functions per morphological type measured locally by ISandaee et alJ <ll985l) and 
Ijerien fc Tammannl lll997lh The Gaussian luminosity functions for the nearby Spiral galaxies can be reconciled 
with the ESS intermediate and late-type luminosity functions if the corresponding classes contain an additional 
Schechter contribution from Spheroidal and Irregular dwarf galaxies, respectively. The present analysis of the ESS 
luminosity functions offers a renewed interpretation of the galaxy luminosity function from redshift surveys. It 
also illustrates how luminosity functions per spectral type may be affected by morphological type mixing, and 
emphasizes the need for a quantitative morphological classification at z J> 0.1 which separates the giant and dwarf 
galaxy populations. 

Key words, galaxies: luminosity function, mass function - galaxies: elliptical and lenticular, cD - galaxies: spiral 
- galaxies: irregular - galaxies: dwarf - large-scale structure of Universe 



1. Introduction 

The galaxy luminosity function (LF hereafter) is a 
fundamental measure for characterizing the large-scale 
galaxy distribution. In the current models of galaxy for- 
mation based on gravitational clustering, the LF pro- 
Send offprint requests to: lapparen@iap.fr 

* Based on observations collected at the European Southern 
Observatory (ESO), La Silla, Chile. 



vides constraints on the mechanisms for the formation 
of galaxies within the dark matter halos ijCole et alJ 
l200(A iBaueh et alJl200^ . The bulge-dominated and disk- 
dominated galaxies can be traced separately in the 
models and compa r ed directly with the o bservations 
llBangh et al.l Il99fl iKauffmann et all Il997t ICole et all 
200Qj). Nevertheless, due to the necessary compromise be- 
tween a large statistical volume and sufficient resolution 
for simulating the individual galaxies, the N-body mod- 



2 



de Lapparent et al.: The ESO-Sculptor Survey, Luminosity Functions at z ~ 0.1 — 0.5 



els only describe a l imited range of ga laxy masses and 
morphological types l|Mathis et alJl2002|K In contrast, ob- 
servational studies of the local galaxy distribution reveal a 
wealth of details. The galaxy LF spans more than 12 mag- 
nitudes (tha t is 5 orders of magnitude in luminosity; se e 
for example iFlint et all l2001bl: ITrentham fc Tullvl \MS% . 
Moreover, each morphological type has a distinct LF, 
denoted "intrinsic" LF, with different parametric func- 
tions for the giant a nd dwarf galaxies (see the review by 
iBinggeli et al.lll988l) . The "general" galaxy LF, averaged 
over all galaxy types, is then a composite of the intrinsic 
LFs. 

Specific studies of local galaxy concentrations have 
allowed detailed insight into the intrinsic LFs per 
galaxy type. Co-addition of the intrinsic LFs for the 
Virg o cluster llSandage et aflll985h . the Centaurus clus- 
ter llJerien fc Tammannl Il997t) . and the Fornax cluster 
l|Ferguson fc Sandagel Il99l[) shows that the giant galax- 
ies have Gaussian LFs, which are thus bounded at bright 
and faint magnitudes, with the E l liptica l LF skewed to- 
wards faint magnitudes. lAndreor] l|l998l) also shows that 
the LFs for giant galaxies are invariant in shape among 
the Virgo, Centaurus and Coma cluster; because these 3 
clusters span a wide range of cluster richness, the analysis 
suggests that these LFs may be universal among galaxy 
concentrations. In contrast, the LFs for dwarf galaxies 
may be ever increasing at faint magnitudes to the limit of 
the existing surveys, with a steeper increase for the dwarf 
Elliptical galaxies (dE) when compare d with the dwarf 
Irregular galaxies (dl) . ISchaeffer fc Silkl l|l988l) have pro- 
posed an analytical description for the bimodal behavior 
of the galaxy LF, which models the effect of the galaxy 
binding energy onto the gas and the resulting efficiency in 
star formation as a function of galaxy mass. 

Because of the different intrinsic LFs for giant and 
dwarf galaxies, the "general" LF in the local group and in 
nearby clusters and groups has a varying faint-end be- 
havior with the richness of the concentration: this can 
be partly interpreted in terms of the varying dwarf-to- 
giant galaxy ratio dE/E whi c h increases with local density 
( Ferguson fc Sandagel Il99lt ITrentham fc Hodgkhl l2002l 



^ejj 

see also [Trcntham & Tullv 2002J). The faint-end behavior 
of the dE and dl LFs is however still controversial. Slopes 
as steep as a ~ —1.3 are measured f or the Spheroidal /red 



dwar f galaxies in groups en clusters IIFerguson fc Sandagc 
ll99lUAndreon fc Cuillandr e! l2002HConselice et alJ^OodT 
whereas ot her less rich environments yie l d —1.2 ^ 
a <> -1.1 JPritchet fc van den Bergbl Il999t IFlint et alJ 
l2001bl ITrentham et alJ l200lt ITrentham fc Tullvl 12002^ 
wi th some significant co ntribution from the dl galaxies 
in ITrentham et all 1 200 ll) . It is unclear whether these dif- 
ferences are solely due to differences in the detected dwarf 
populations (related to the ratio of dE to dl galaxies) , or 
to the different environments in terms of local density, or 
to both. 

In parallel, measurements of LF per galaxy type have 
been obtained from systematic redshift surveys, with 
significant variations from survey to survey. Estimates 



of intrinsic LFs using visual morphological classifica- 
tion have been obtained from the "nearby" redshift 
surveys (z ^ 0.1), based on photographic catalogues 
fefstathiou et alll988llLovedav et alJll992tlMarzke et all 



(Efstathiou e 

hM mm 1 



Marinoni et al 



cdav et , 
. 1999). 



At 



0.1, visual 



morphological classification however becomes highly un- 
certain and has been replaced by spec t ral classification 
llHevl et al.l|l997t iBromlev et all Il998t iLin et"aH ll99S " 

nil 



Folk es et alll9 99: Fried et al. 20^ 



Wol f et al.ll20 03). When neither morphological nor spec- 



tral classification are available, the intrinsic LFs are es- 
timated using sampl e s separated by color llLillv et al 



timateci using samples separat ed by color HL/iiiv et al 
| 1995[ ILin et all Il997t iMetcalfe et"aKll998t iBrown et al 



I2QQ1 ) or the strength of the emission-l i nes jLin e ^ al 
19gg : ISmall et"aTHT997l Eu7ca et a.l Jll 997t lLoveda.v et al 



19991) . However, none of the existing redshift surveys sep- 
arate the giant and dwarf galaxy populations, despite 
the markedl y different intrinsic LFs for these 2 popu- 
lations llSandage et alJ 1198,4 iFerguson fc Sandagel Il99ll 
Llerien fc Tammanr]ll997t) . 

In view of the discrepancy between the local mea- 
sures of the intrinsic LFs and the estimates from red- 
shift surveys at larger distance, we propose here a new 
approach for reconciling the various LFs. It is based 
on the LFs per galaxy type measured from the ESO- 
Sculptor Survey (ESS hereafter). The ESS has the ad- 
vantage to provide a nearly complete redshift survey of 
galaxies at z ^ 0.5 over a contiguous area of the sky 
l|Bellanger et al.lll995h. suppl emented by CCD-based pho- 
tometrv llArnou1;s %\ aljl 997t) and a det ailed spectral clas- 
sification |^l^^^^^LaEE^^fl3^23) • 

Sect. gathers the analyses used to build the 
ESS database: Sect. 12.11 describes the spectroscopic 
sample selection; Sect. 12.21 summarizes the results of 
the spectral classification analysis, the classification 
technique itself being rep orted in details elsewhere 
i Galaz fc de Lapparentll 9981k Sect . 12 . 3l describes the orig- 



inal method used for deriving K-corrections for the ESS 
spectra; Sect. l2.4l reports on all sources of random and sys- 
tematic errors which affect the spectral classification and 
the derived absolute magnitudes in the ESS catalogue; 
Sect. 12.51 describes the choice of the spectral classes on 
which are based the LF calculations. 

We then comment on the technique for deriving the 
ESS LFs in Sect. 13.11 the results are reported and dis- 
cussed in Sects. l3~2*l and 13.31 in Sect. 13.41 we co mpare the 
ESS intrinsic LFs with those from the CNOC2 (|Lin et alJ 
1999), the other existing redshift survey to similar red- 
shifts and with spectral classification. In Sect. 01 we then 
propose a new approach for interpreting the intrinsic LFs 
from redshift surveys. In Sect. 14. il we first review the local 
measurements of intrinsic LFs as a function of morpholog- 
ical type , and we derive the required magnitude conver- 
sions for application to the ESS. In Sect. 14.21 we propose 
composite fits of the ESS intrinsic LFs which are based on 
the local LFs for giant and dwarf galaxies; we discuss these 
composite fits for the ESS early, intermediate, and late- 
type LFs in Sects. Ol l4~4l and|131resp. Sect.Olprovides 
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further evidence for the presence of dwarf galaxy popula- 
tions in the ESS, using the distribution of peak surface 
brightness. Finally, we summarize the results and discuss 
the prospects raised by the present analysis in Sect. |S1 

2. The ESS spectroscopic survey 

The goal of the ESO-Sculptor Survey was to produce a 
complete photometric and spectroscopic survey of galax- 
ies with the following scientific objectives: (i) to map 
the galaxy distribution of galaxies at z ~ 0.1 — 0.5 and 
(ii) to provide a database for studying the variations in 
the spectro-photomctric properties of distant galaxies as 
a function of redshift and local environment. The ESO- 
Sculptor Survey was successfully completed as an ESO 
key-programme, thanks to a guaranteed allocation of ~ 60 
clear nights of telescope time on the ESO 3.6m and the 
NTT, performed over a period of 7 subsequent years. 

2.1. Sample selection 

The ESS photometric survey provides magnitudes in the 
Johnson B, V and the Cousins R c standard filters, for 
nearly 13000 galaxies to V ~ 24 over a contiguous rect- 
angular area of ~ 0.3 7 deg 2 [1.53°(R.A.) x 0.24°(DEC.)] 
(lAruouts et al.lll997lL The survey region is centered at 
~ h 22 m (R.A.) ~ -30°06' (DEC.) in J2000 coordi- 
nates, which is located near the Southern Galactic Pole. 
Multi-slit spectroscopy of the galaxies with R c < 20.5 
I Bellanger et alJ Il995h provided a nearly complete red- 
shift survey over a contiguous sub-area of ~ 0.25 deg 2 
[1.02° (R.A.) x 0.24°(DEC.)]. Selection of the galaxies to 
be observed spectroscopically was solely based on their 
i? c magnitude. Crowding on the mask left nearly 6% of 
the galaxies with R c < 20.5 unobserved. Instead, fainter 
galaxies could be observed where there was remaining 
space on the multi-slit masks. As a result, the R c com- 
pleteness of the ESS spectroscopic catalogue is not a pure 
step function. 

Figure ^ an d Table ^show the differential and cumu- 
lative redshift completeness in the B V R c bands, in half- 
magnitude intervals. Table ^ shows that the differential 
completeness in R c is nearly flat from bright magnitudes 
to R c = 20.0, with a differential completeness larger than 
94%, and decreases to 88.76% in the magnitude interval 
20.0 — 20.5, due to the increase in the surface density of 
galaxies with magnitude; it then sharply drops to 46%, 
13% and 2% in the R c intervals 20.5 - 21.0, 21.0 - 21.5, 
21.5 — 22.0 respectively. Despite the selection of the spec- 
troscopic sample in the R c band, and the spread in B — R c 
and V — R c colors (see right panels of Fig.Elin Sect. 12.3(1 . 
the completeness functions in the V and B bands have a 
similar behavior to that in R c . 

For calculation of the LF in each band, we define 
a "nominal magnitude limit" as the magnitude limit 
which provides the best compromise between complete- 
ness, small color biases and sufficient statistic. In the R c 
band, the choice is obvious and is at R c < 20.5, the spec- 




16 17 18 19 20 21 22 23 24 25 
Apparent Magnitude 

Fig. 1. Fractional and cumulative completeness for the 
ESO-Sculptor spectroscopic catalog, as a function of ap- 
parent magnitude, in the Johnson B, V and Cousins R c 
bands. 

troscopic selection limit (there is no known color bias in 
the i? c sample at this limit). Due to the spectroscopic se- 
lection in the R c band, the V and B samples are deficient 
in objects with blue colors at faint magnitudes. We choose 
the nominal limits at V < 21.0 and B < 22.0 resp., for 
the following reasons: 

— the differential completeness is larger than 70% in both 
the B and V samples at these limits (see Table [JJ; 

— the B and V samples contain a sufficient number of 
galaxies for calculating intrinsic LFs based on 3 spec- 
tral classes; 

— the resulting combination of B, V , and R c magnitude 
limits is in agreement with the typical colors of the ESS 
galaxies at R r ~ 20 5 (B-R c ~ 1.5 and V-R c ~ 0.5, 
lArnouts et"atllT99l). 

We show in Sect. 13.21 that the LFs in the B and V bands 
vary systematically when going to fainter limits than the 
nominal magnitudes V < 21.0 and B < 22.0, due to the in- 
creasing color biases at faint magnitudes in these samples. 
Comparison with the LFs for the R c sample show that at 
the chosen V and B nominal limits, the color biases might 
nevertheless be comparable with the random errors (see 
Sect. l3.2l and Table HJ). By choosing brighter nominal mag- 
nitude limits in the V and B bands, one would reduce the 
color biases in these samples; this would however signif- 
icantly reduce the number of galaxies (see Table , and 
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Table 1. Differential completeness of the ESO-Sculptor rcdshift survey in the Johnson B, V and Cousins R c bands. 



Rc 



mag interval 


< 20.0 


20.0-2O.5 


20.5 - 21.0 


21.0 - 21.5 


21.5 - 22.0 




completeness 13 


94.40 % 


92.23 (88.76) % 


75.52 (46.19) % 


52.28 (12.54) % 


34.36 (1.96) % 




galaxies with z c 


388 


617 (229) 


793 (176) 


870 (77) 


888 (18) 




V 


mag interval 


< 20.0 


20.0 - 20.5 


20.5- 21.0 


21.0 - 21.5 


21.5 - 22.0 


22.0 - 22.5 


completeness 


95.41 % 


94.03 (92.09) % 


91.45 (87.19) % 


80.40 (60.86) % 


59.24 (25.10) % 


39.53 (6.30) % 


galaxies with z 


187 


315 (128) 


492 (177) 


677 (185) 


808 (131) 


859 (51) 


B 


mag interval 


< 21.0 


21.0 - 21.5 


21.5- 22.0 


22.0 - 22.5 


22.5 - 23.0 


23.0 - 23.5 


completeness 


95.60 % 


92.48 (88.32) % 


85.77 (75.48) % 


66.67 (39.46) % 


45.10 (16.34) % 


28.16 (5.25) % 


galaxies with z 


174 


295 (121) 


452 (157) 


598 (146) 


708 (110) 


769 (61) 



a Apparent magnitude interval considered for the completeness calculation. 

b Cumulated completeness at the faintest limit of the quoted apparent magnitude interval, calculated as the ratio of the 

number of galaxies with redshift by the number of galaxies in the photometric catalogue; in parentheses is indicated the 

differential completeness in the quoted apparent magnitude interval. 
c Cumulated number of galaxies with a redshift measurement brighter than the faintest limit of the quoted apparent magnitude 

interval; in parentheses is indicated the differential number of galaxies with a redshift measurement in the quoted apparent 

magnitude interval. 



would not allow us to extract spectral-type LFs in these 
niters. 

As shown bv lDisnev fe Phillippsl l)l983l) . redshift sur- 
veys limited in apparent magnitude also suffer selection 
effects in the central surface brightness of galaxies. In 
the ESS photometric catalogue, the surface brightness 
threshold in o bject detection used for the SExtractor im- 
age analyses llBertin fc Arnoutslll99rjj) is in the interval 
~ 25.5 — 26.5 mag arcsec -2 in the R c band, ~ 25.5 — 27.0 
mag arcsec -2 in the V band, and ~ 26.0 — 27.5 mag 
arcsec -2 in the B band (the 1 to 1.5 mag intervals are due 
to variations in the depth of the individual images; most of 
it is caused by the marked increase in depth when chang- 
ing from the 3.6m telescope to the NTT; a smaller part is 
due to the varying sky transparency with time). Due to 
redshift dimming (see Sect. l4.6ll . an d to a minor extent to 
K-corrections (see Sect. l2.3fr . the resulting rest-frame lim- 
iting peak surface brightness in the ESS redshift survey 
is 22.0 mag arcsec -2 in R c for galaxies with R c ^ 21.5 
(see Fig. 113(1 . 22.5 mag arcsec -2 in V for galaxies with 
V J5 22.5, and 23.0 mag arcsec -2 in B for galaxies with 
B <J 23.5 (see Sect. 14.61 for definition of ESS peak surface 
brightness) . The ESS distributions of rest-frame peak sur- 
face brightness show no or weak correlation with apparent 
magnitude, indicating that redshift effects have been ap- 
pr opriately correcte d for. 

iMcGaugh et al.l l|l995h show that the low surface 
brightness population sets in at a central surface bright- 
ness fainter than ~ 22.0 mag arcsec -2 in B. The ESS 
spectroscopic sample reaches one magnitude fainter in B, 
therefore detecting a fraction of this population (see also 
Sects. 031 and E3J. A significant number of low surface 
brightness galaxies may nevertheless have been missed in 



the E SS. As s hown bv iMcOaughl I199bTi and IPalcantonl 
(1998, see also lLobo fc Gui(l^r(lprr3|l999[l . the relatively 
bright threshold in central surface brightness inherent 
to redshift surveys may significantly affect the luminos- 
ity function at both the bright and faint end. Although 
low surface brightness galaxies may be as numerous as 
the "normal" galaxies, they however co ntribute for less 
than a factor 3 to the l uminosity density l|McQa,ughlll996l: 
iDalcanton et al.lll997l) . We show in Sect. EM that the 
faintest R c detected galaxies in the ESS also have a low 
central surface brightness, with no evidence for intrinsi- 
cally bright though very extended galaxies above the sam- 
ple limits. 1 

2.2. Spectral classification 

Morphological types are not available for the ESS red- 
shift survey. As the survey describes the redshift range 
0.1 & z ^ 0.6, a large fraction of the galaxies have diame- 
ters smaller than 10 arcseconds, and identification of their 
morphology i s severely limited by the ground-based image 
quality (see lArnouts et al1ll997^ . We have therefore cho- 
sen to perform the estimat ion of the intrinsic LFs based 
on a spectral classification. iGalaz fc de Lapparentl l|l998ft 
show that using the ESS data, a spectral classification 
method based on a Principal Component Analysis (PCA 
hereafter) provides an objective spectral sequence, which 
can be parameterized continuously using one or more pa- 



We find a tight correlation between the ESS rest-frame 
peak surface brightnesses in the R c and B band, which im- 
plies that the ESS surface brightness selection effects operate 
similarly in the 2 bands. 
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rameters, and is strongly related to the Hubble sequence of 
normal galaxies (see als o lFolkes et al.ll996trBromlev et all 
Il998t iBaldi et al.ll200llL 

The PCA allows us to describe each spectrum (in rest- 
wavelength) as a linear combination of a reduced number 
of principal vectors, the eigenvectors, also called principal 
components (PC hereafter), and denoted PC{. The PCs 
better discriminate the whole sample, and bear decreasing 
variance with increasing index i. We denote the projec- 
tion of an observed spectrum onto vector PCi. Galaz & 
de Lapparent (1998) show that in the ESS redshift sur- 
vey, 3 PCs describe ~ 98% of the flux of the spectra. The 
authors thus introduce the coordinate change 



-20 



5 = arctan(a!2/c*i) 
9 = arcsina3, 



(1) 



and show that 5 and 9 provide a robust 2-parameter spec- 
tral sequence: the 2 parameters are continuous measures 
of the relative fractions of old to young stellar populations, 
and the relative strength of the emission lines, respectively. 
Early-type spectra, representative of red galaxies, without 
emission lines, lie towards negative values along the 5 di- 
rection. Late-type spectra, corresponding to blue galaxies, 
often have emission lines, and lie at large values of 5. Note 
that by construction, the 5—9 classification is independent 
of absolute normalization of the spectra (i.e. luminosity). 

The top panel of Fig. shows the spectral sequence 
parameterized by 5 and 9 for 603 ESS spectra with 
R c < 20.5. This graph shows that spectra with strong 
[OILU3727 emission line (EW[OII] > 30 A, magenta filled 
circles) tend to deviate from the 5 — 9 sequence defined 
by the no or low emission-line galaxies (black open cir- 
cles), in the direction of larger values of 9. It also confirms 
that there is an increasing frequency of high [OII]-emission 
for later spectral types, and that early-type galaxies (<5 
—5°) have no or weak emission lines. 

The classification plane shown in Fig. is ob- 
tained by restricting the spectra to the rest-wavelength 
interval 3700-5250 A (a common wavelength interval 
must be used for applicatio n of the PCA presented in 
iGalaz k. de Lapparentlll998|) . which is denoted 8\ — 6\. 
For the ESS spectra, this wavelength interval provides the 
best compromise between having a large sample, and hav- 
ing a large wavelength coverage which includes a suffi- 
cient number of significant absorption and emission lines 
([OILU3727, [OIIL1A5007, Ca H&K A3934, 3968 and Mgb 
A5175). Among the ESS spectra, 728 galaxies (511 with 
R c < 20.5) have spectra which do cover the primary wave- 
length interval 3700-5250 A. Most of the remaining galax- 
ies can be classified using 2 secondary wavelength ranges: 
97 galaxies (50 with R c < 20.5) have spectra covering 
only the 3700-4500 A interval, and 47 galaxies (42 with 
R c < 20.5), the 4500-6000 A interval. We therefore per- 
form 2 additional PCAs, each using the spectra defined in 
each of the 2 secondary intervals; these PCAs provide the 
§2 — 6*2 and £3 — #3 planes respectively. 
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Kennicutt galaxies 



E 
SO 

Sa/Sab 

Sb/Rbc 
Sc 



d[deg] 

Fig. 2. a) Top panel: spectral classification parameters 5 
and 9 for the 603 ESO-Sculptor spectra with R c < 20.5 
and a PCA defined spectral class 61 — 9\ (see Sect. 12.21 
for details). Spectra are getting bluer toward larger values 
of 5. Galaxies with EW[OII] < 30 A are shown as black 
open circles, those with EW[OII] > 30 A as magenta filled 
circles. The vertical lines at 5 = — 5 and 5 = 3 indicate 
the limits between the 3 spectral classes used for the cal- 
culation of the luminosity functions (see Sect. 12.5(1 . b) 
Bottom panel: 5 and 9 p arameters obtaine d by projection 
of 26 Kennicutt spectra iKennicuttl l|l992f) onto the ESS 
PCs used in a). To correct for the systematic color shift 
in the ESS spectra, a constant offset of —2.5° is applied 
to the S values for the Kennicutt spectra (see Sect. I2.4|l . 
The morphological types for the Kennicutt galaxies pro- 
vides indications on the type content of the ESS spectral 
classes. 



Comparison of the 5 — 9 sequences for spectra covering 
both the 3700-5250 A primary interval and one of the 2 
secondary intervals then allows us to project all ESS spec- 
tra with a PCA type onto the reference 5i — 9\ sequence. 
A total of 568 spectra (corresponding to 513 galaxies, as 
multiple spectra of individual galaxies are included) can 
be projected onto both the 5\ — 9\ and the 62 — #2 planes. 
Note that only spectra observed in spectro-photometric 
conditions (see Sect. 12 .4|) are used in this projection anal- 
ysis, with no R c limit. The derived conversion is a linear 
transformation 



5 1 = 1.0027<5 2 - 0.036, 



(2) 



close to identity. From the 375 spectra (corresponding to 
345 galaxies) which can be projected onto both the 5i — 9\ 
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and the &z — 8-$ planes, a third order polynomial transfor- 
mation is derived: 

S 1 = 0.0013<Sf - 0.088^ + 1.95£ 3 + 1-68. (3) 

The residuals in the S conversions resulting from the use 
of Eqs. |21 or |3 are comparable to the random uncertainties 
in the measurement of S (see Eq.|SJ. The values of 8 show 
no systematic change from the Si — 6\ plane to either of 
the 2 secondary planes. We therefore use 

81 = 6 2 

0i =9 3 . (4) 

Eq.[5]is then used to convert S2 into Si for the 97 galaxies 
which can only be projected onto the restricted 3700-4500 
A interval, and Eq. [21 is used to convert S3 into Si for the 
47 galaxies which can only be projected onto the restricted 
4500-6000 A interval. 

We emphasize that the rest-frame wavelength interval 
of each observed spectrum is determined by (i) the posi- 
tion of the object on the multi-object mask used for that 
specific observation, and (ii) the redshift of the galaxy. The 
first constraint affects the rest-frame wavelength interval 
randomly, whereas the second causes a systematic effect. 
The 3 wavelength intervals used for application of the 
PCA and derivation of the spectral type are therefore sys- 
tematically related to the redshift of the galaxies: high red- 
shift galaxies tend to be only defined in the restricted sec- 
ondary interval 3700-4500 A, whereas low redshift galax- 
ies tend to be preferentially defined in the other secondary 
interval, 4500-6000 A. This effect can be measured quan- 
titatively using the mean redshift of the galaxies in each 
sample: the galaxies defined in the primary wavelength in- 
terval have < z >= 0.303 ± 0.115, those defined in the 2 
secondary intervals 3700-4500 A and 4500-6000 A have 
< z >= 0.396±0.134 and < z >= 0.141±0.082 resp. (the 
r.m.s. dispersion among each considered sample is indi- 
cated) . We show below (see Fig. |2J) that despite the rela- 
tion between rest- wavelength and redshift, conversion to 
a unique PCA sequence defined by Si is free from biases 
in redshift. 

To the remaining 17 galaxies (15 with R c < 20.5) 
which have no PCA type, a spectral class in the Si — 61 
plane is assigned based on the relation between Si — 61 
and the ESS cross-correlation types. The cross-correlation 
types are determined by cross-correlating each ESS spec- 
trum with 6 templates representing an E, SO, Sa, Sb, 
Sc, and Irr galaxy resp.; these were obtained by av- 
eraging over Kennicutt spec tra of the same morpho- 
logical type l|Kennicutdll992|) . after discarding MK270, 
an untypical SO galaxy with strong emission lines (a 
total of 26 Kennicutt spe ctra, listed in Table 2 of 
iGalaz k. de Lapparentlll998l are used). Among the tem- 
plates yielding a cross-correlation peak at the redshift of 
the object, the cross-correlation type is defined as the 
morphological type of the template yielding the highest 
correlation coefficient (see iBellanecr ct al.lll995h . Using 
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Fig. 3. Spectral classification parameter S as a function 
of redshift for the ESO-Sculptor galaxies with R c < 20.5. 
Galaxies with EW[OII] < 10 A are shown as black open 
circles, those with EW[OII] > 10 A as magenta filled cir- 
cles. The vertical lines at S — —5° and S — 3° indicate the 
limits between the 3 spectral classes used for the calcula- 
tion of the luminosity functions (see Sect. 12.5(1 . 

the ESS galaxies with both a PCA type in the Si — 81 
plane and a cross-correlation type, we calculate the me- 
dian and dispersion of Si and 81 for each of the 6 cross- 
correlations types. Each of the 17 galaxies without PCA 
type is then assigned (i) a randomly drawn value of Si us- 
ing a Gaussian probability distribution with the mean and 
r.m.s. dispersion measured for the corresponding cross- 
correlation type, and (ii) the mean value of 81 for that 
cross-correlation type. 

Application of the various transformations described 
above provides for each of the 889 galaxies with red- 
shift (617 with R c < 20.5) a PCA classification onto the 
common Si — 81 plane. Figure |3] shows the type parame- 
ter Si as a function of redshift for all ESS galaxies with 
R c < 20.5. The full redshift range is represented at all 
spectral types 5, suggesting the absence of any obvious 
bias related to redshift. Note that the major density vari- 
ations along the redshift axis are due to large-scale clus- 
tering along the line-of-sight (some higher order variations 
with (5, interpreted as segrega tion effects, are described in 
Ide Lapparent fc et alJl2003bl) . FigureEDthus confirms that 
the conversion to a unique spectral sequence Si using the 
transformations in Eqs.|3] and |21 above has been successful. 

Figure |21 also shows that the various spectral types S 
are represented at all redshifts. The defined early-type, 
intermediate-type and late-type spectral classes used for 
derivation of the LFs below, can therefore be used for ex- 
amining the variations of the ESS galaxy populations with 
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redshift (see lde Lapparent et al.ll2003|) . Moreover, Fig. 
shows that galaxies with a significant equivalent width in 
the [OILU3727 emission line, defined as EW[OII] > 10 A, 
have preferentially later spectral type 5, and that this re- 
lationship is homogeneous with redshift. This illustrates 
the absence of another kind of possible bias: the preferen- 
tial selection of emission-line galaxies at the high redshift 
end of the ESS. This demonstrates that the adjustment 
of the spectroscopic exposure times for the ESS was suc- 
cessful in insuring that the absorption-line galaxies at the 
high redshift-end of the survey have spectra with sufficient 
signal-to-noise ratio for redshift measurement. 

We also use Fig. OH to justify that we do not report nor 
discuss the ESS LFs which would be derived from sub- 
samples based on the strength of the emission lines. As 
shown in Fig. |3 the fraction ESS galaxies with EWjOII] 
> 10 A is 3.9% in the early-type class, 32.3% in the 
intermediate-class, and ~ 80.3% in the late-type class (for 
the R c < 20.5 sample). The ESS LFs for the quiescent 
and star-forming galaxies are therefore expected to closely 
resemble the LFs for the early-type and late-type galax- 
ies resp., and therefore would not provide any additional 
information over that based on the spectral-type LFs de- 
scribed in the subsequent Sects. 

2.3. K-corrections 

Calculation of the absolute magnitudes necessary for 
derivation of the galaxy LF requires knowledge of the 
K-corrections. Historically, K-corrections have been com- 
puted as a function of redshift and morphological typ e 
llOke fc SandairelllQfifl IPencelll97fit lLovedav et a"flll992l) . 
the latter being based on visual classification. However, it 
was shown that the morphological type is strongly de- 
pendent on the ex pert who performs the classification 
l)Lahav et a,lJ Il99flh . Galaxy classification is also depen- 
dent on the central wavel ength of the filter throu gh which 
the galaxy is obs erved feuchin ski et all l200ll) . and on 
the image quality l|van den Bergh et al.ll200lj) ; both are in 
turn dependent on redshift, and the latter also depends on 
seeing. Because K-corrections measure the change in flux 
in a given filter caused by the redshifting of the spectral 
energy distribution, a more direct and reliable approach 
for computing K-corrections is the use of spectral types, 
instead of morphological types. 

Here, we use the ESS PCA spectral classification 
to calculate 2-dimcnsional K-corrections as a continuous 
function K(z, 6) of the spectral type 5 and the redshift 
z. These in turn provide absolute B, V, and R c magni- 
tudes for the ESS galaxies. Note that the absolute mag- 
nitudes cannot be calculated directly from the observed 
spectra because: (i) their spectro-photometric accuracy 
(~ 7 — 10%) is insufficient, and ~ 30% of the spectra have 
a signal-to-noise ratio below 10; (ii) the rest-wavelength 
intervals covered by the B, V, and R c filters are not 
always included in the observed spectra, as it depends 
on the combination of redshift and position of objects 



in the multi-object-spectroscopy mask. As a more robust 
and precise alternative, we determine the K-corrections 
from the s pectrophotometric model of gala xy evolution 
PEGASE 2 l|Fioc fc Rocca-Volmerangelll997l) . The model 
spectra extend from 2000 A to 10000 A, thus allowing us 
to derive K-corrections in the B, V, and R c bands up to 
z ~ 1.0. 

The PEGASE model allows one to generate a set of 
solar metallicity spectra with different ages, stellar for- 
mation rates (SFR) and initial mass functions (IMF). 
Although this feature is proposed in PEGASE, we do 
not include in the model spectra any nebular emission 
line, because line ratios depend on complex astrophys- 
ical conditions (gas densities, temperatures, etc.) which 
are not intended to be explored in full extent in the 
present analysis. Moreover, inclusion of the emission lines 
only change the derived K-corrections by ~ 2% in the 
most extreme emission-line galaxies. We have generated 
a large set of mock spectra in t he wa velength interval 
2000-10000 A using a Scab IMF l|Scaloll98rt . and a SFR 
of the form vGf, where v is a constant and Gf the fraction 
of stellar ejecta available for further star formation. The 
adopted values of v run from v = 0.02 x 10~ 3 MQMyr -1 
to v = 10.0 x 10~ 3 M Q Myr- 1 , with a typical step of 
0.02 x 10 -3 MoMyr -1 , and the ages of the spectra vary 
from 0.01 Myr to 19.0 Gyr. In order to simplify, we assume 
that Gf = 1-0 (other values do not change significantly 
the K-corrections) . The resulting set of templates amounts 
to 438 mock spectra. 

For specific derivation of the K-corrections, a PCA 
of the ESS data is performed using the observed spec- 
tra cleaned from their nebular emission lines. The 5 — 8 
sequence shown in top panel of Fig.|21flattens to a 5'— 9' se- 
quence in which 6' ~ 0° ± 2° as this parameter measures 
the relative strength of the emission-lines; the values of 
5' , the classifying parameter, show no systematic change: 
< 5 - 5' >= 1.14° ± 1.3° (in both cases, the quoted un- 
certainty is the r.m.s. dispersion). This analysis provides 
the observed PCs, onto which the PEGASE templates de- 
scribed above ar e projected, after norm alization by their 
scalar norm (see lGalaz fc de Lapnarenllll998h : a spectral 
type S' is thus derived for all templates. Each template is 
then rcdshifted to all redshifts between z = to z = 1.0 
using increments Az = 0.05. We finally compute for each 
of the Johnson B, V and the Cousins R c bands, the K- 
corrections for the mock spectrum j with a spectral type 
S' and redshi ft z as Kj = KAz, 5 ') using the K-correction 
definition <|Oke fc Sandage 



Kj(z,S') 



-2.5 log 



2.51og(l + z) 

J n °°/j(A)gj(A)dA 



(5) 



where Kj(z,S') is expressed in magnitudes, fj(X) is the 
flux of spectrum j at wavelength A, an d Sj(X) is the 
respo nse curve of the standard filter (see lArnouts et alJ 
Il997l) . For each filter, the Kj(z,5') are then fitted by a 

2 "Projet d'Etude des GAlaxies par Synthese Evolutive." 
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Fig. 4. K-corrections obtained from th e PEGASE tem- 
plates l|Fioc fc Rocca-Volmerangelll997t red filled circles 
with error-bars) in the R r and B band, co mpared with the 
K-corrections f rom | Coleman et al.l l)l98(j bl ue solid lines). 
iKinnev et alJ l|l996l black do tted lines). IPencej l|l97(l 
green short-dashed lines), and IPoggiantil lll997t magenta 
long-d ashed line); for the B K-corrections by Kinnev et alJ 
(199(|), the K-corrections for type SB4 are used in panel 
"Irr". 



2-D polynomial of degree 3 in 8' and 4 in z, with the 
constraint that Kj{z — 0,6') = 0. The derived analytical 
function K (z, 6') allows us to compute for each observed 
spectrum its K-correction in each bandpass, using only its 
6' value and its redshift. 

Note that we have not included in the K-correction 
any evolutionary correction, corresponding to the possi- 
ble change of the spectrum during the interval of time 
elapsed between the moment of light emission and the 
present time. The evolutionary correction would correct 
the absolute magnitude to what would be observed at the 
present time. This is however related to the formation age 
of the objects, and is strongly model-dependent. The K- 
corrections derived here only account for the redshift ef- 
fect of the spectra, and provide the absolute magnitudes 
of the objects at the time of emission (as is used in most 
observational analyses). 

In Fig. 01 we show the B and R c K-corrections for 
the PEGASE templates, obtained as described above, and 
we compare them with those obtained by other authors 
from observed spec tra l|Pencelll97d IColemau et a Tl ll980l 
IKinnev et aH["l 996) and other spectrophotometric models 
l|Poggiantilll997ft . The three ESS spectral types included 
in Fig. |H(E, Sbc and Irr) are computed as follows: E type 
is defined by 5' < -5.0°, Sbc by -1.0° < 5' < 5.0°, and 
Irr by 8' > 10.0° (see Fig. Et); each point in Fig. 0| repre- 



sents an average K-correction at a given redshift, and the 
error-bars represent the r.m.s. dispersion in the given 8' 
intervals. Figure 0] shows that K-corrections for our tem- 
plates agree well with the other measures in the R c band 
(and in the V band, not included in the graph), but they 
tend to be smaller in the B band. In other words, our 
PEGASE templates are bluer at short wavelengths (A ^ 
4200A) than the spectra from which the K-correc t ions o f 
|PennfHl97fift.lColerna.n et al.l ill 98fTft . lkinnev et al.l<jl996ft . 



ice 
1 P< 



and Poggianti ( 1997) are derived. Moreover, the ESS K- 
corrections for type Irr tend to be bluer than those from 
the other authors in all bands; note that there exists few 
sources of K-corrections for Irr types, an d most of them 
are based on the results of IPencell|l976ft . We emphasize 
that in Fig. we assume a correspondence between the 
PCA spectral types for the PEGASE templates and the 
Hubble morphological types used for the other measures 
mentioned. This correspondence may however not be op- 
timal, which could explain part of the differences. For 
example, using 8' > 3.0° for defining Irr galaxies in the 
ESS (corresponding to the "late-type" class described in 
Sect. | 2 . 5|) eli minates the discrepancy with the Irr types of 
IPencd l|l976|) in the 3 bands. 

We have also applied the abov e analysis to the 
GISSEL96 models (|Charlot et alll99fift . using solar metal- 
licity and an instantaneous burst of star formation. 
Because the GISSEL96 models have lower fluxes in the 
wavelength interval 2000 — 4000A compared with the 
PEGASE models, the resulting K-corrections in the B 
band for all 3 types (E, Sbc, Irr), and for Irr type in 
the V and B bands ar e larger tha n the K-corrections 
derived from PEGASE l|Galazlll997ft . thus providing in- 
termediate values between the K-correcti o ns derived from 
PEGASE and those f rom IPencd jl 976ft. IColeman et alJ 
ljl98flft . IKinnev et all l|l996ft . and IPoggiantil l|l997ft . Our 
choice of using PEGASE rather than GISSEL96 for es- 
timating the ESS K-corrections is motivated by the fact 
that PEGASE models provide a larger sample of tem- 
plates, which are not systematically based on an instan- 
taneous burst. Note that using the GISSEL96 templates 
for deriving the ESS K-corrections would only affect the 
B and V LFs. However, the major results derived in this 
article are based on the LFs in the R c band, which is the 
least affected by changes in the SFR via the K-corrections 
(note that in the V band, and to a greater extent, in the 
B band, the LFs are also biased by color incompleteness, 
see Sect. EH!). 

The K-corrections for the ESS spectra are then calcu- 
lated according to the redshift z and spectral type 8' of 
each galaxy. Here, we do not need to use a single spectral 
type scale for the whole sample, as designed in Sect. 12.21 
(see Eqs. EH2J), which would introduce additional disper- 
sion. The PEGASE templates are projected onto the 3 
sets of PCs obtained with the spectra defined in the 3 
wavelength ranges: the primary interval 3700-5250 A, and 
the 2 secondary intervals 3700-4500 A and 4500-6000 A; 
the corresponding spectral classification parameters 8[, 8' 2 , 
and 8' 3 are derived. The polynomial fits Ki(z,5'j) are cal- 
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culated for the 3 sets of PCs and spectral type sequences 
51 (i — 1,2,3). Then, for each ESS spectrum, we use its 
spectral type 5[ and the corresponding polynomial func- 
tion Ki(z, S[) to calculate its K-correction (with i defined 
by the wavelength range of the rest-frame spectrum). The 
absolute magnitude M can subsequently be derived from 
the apparent magnitude m and the redshift z using 



M = m - 51ogd L (» - K(z,6') - 25, 



where 



d L {z) 



H q 2 



zqo 



+ (q -l)(y/l + 2qoZ-l) 



(6) 



(7) 



is the luminosity distance in Mpc llWeinberd Il97d) . 
Throughout the article, we use H = 100ft. km s _1 Mpc" 1 
for the Hubble constant, and qo — 0.5 (for f2 m = 1.0 and 
A = 0.0). 

Figure |S] provides indirect evidence that the 
PEGASE/PCA-based K-corrections yield adequate cor- 
rections of the ESS apparent magnitudes into absolute 
magnitudes. The left panels of Fig.[3show the ESS B — R c 
and V — R c apparent colors. These show significant vari- 
ations with redshift, as a result of the redshifting of the 
spectra. For the early-type galaxies, for which the effect 
is the largest, there is a 0.7 mag reddening from z = 0.15 
to z = 0.45. In contrast, the ESS M{B) - M(R C ) and 
M(V) — M(R C ) absolute colors, shown in the right panels 
of Fig. El display only small variations with redshift. The 
0.3 mag increase of M{B) — M(R C ) for early-type galaxies 
between z = 0.15 and z = 0.45 might not be an intrin- 
sic c olor effect, as the models of galaxy spectral evolu- 
tion JBruzual fc Charlotiri993HFioc fc Rocca-Volmerangel 
Il997|) indicate little evolution in the interval z £ 0.5. 
This increase could be caused by insufficient (i.e. too low) 
K-correction in the B band, due to the relatively high 
flux of the PEGASE templates at wavelengths in the in- 
terval 2000 — 4000A (as discussed above; see also Fig. 0}. 
The bluing of M (V) - M (R c ) for the late-type galaxies by 
0.15 mag between z = 0.15 and z = 0.45 might be related 
to the strong evolution detected in this population (see 
Ide Lapparent et al.ll2003|) . Overall, the residual variations 
in absolute colors with redshift are small, and confirm the 
reliability of the ESS K-corrections. 

2.4. Random and systematic uncertainties in the ESS 
spectral sample 

We now estimate the uncertainties in the ESS parame- 
ters used in this article for the calculation of the LFs: 
spectral type 5, K-corrections, absolute magnitudes. The 
main source of error in the absolute magnitudes originate 
from the K-corrections. Once the spectral library is cho- 
sen (see Sect. l2.3|) . the K-corrections are essentially deter- 
mined by the spectral classification, which in turn results 
from the errors in the flux calibration. Therefore, all men- 
tioned parameters are dependent on the flux-calibration 
of the spectra, which we first examine. 



CD 




- early-type 

intermediate- type 

- late -type 




0.1 0.2 0.3 0.4 0.5 
redshift 



0.1 0.2 0.3 0.4 0.5 
redshift 



early-type 

intermediate- type 
late -type 




0.2 0.3 0.4 
redshift 



0.2 0.3 0.4 
redshift 



Fig. 5. The mean absolute and apparent colors for galax- 
ies with R c < 20.5 in each of the 3 ESO-Sculptor spectral 
classes used for calculation of the LFs, and in the 4 red- 
shifts intervals bounded by 0.1, 0.2, 0.3, 0.4, and 0.5; red 
solid, green dotted, blue dashed lines connect the points 
for the early, intermediate, and late-type classes respec- 
tively. The left panels show the apparent colors and the 
right panels the absolute colors. The upper panels show 
the B — R c colors, and the lower panels, the V — R c colors. 
The error bars indicate the r.m.s. dispersion measured in 
the corresponding redshift interval. For clarity, the points 
for early and late-type galaxies are offset along the redshift 
axis by —0.007 and 0.007, respectively. 

The ESS spectra were flux-calibrated using spectro- 
photometric st andards observed several tim es per observ- 
ing night (see iGalaz & de Lapparent! fl998L Among the 
889 galaxies with a redshift measurement in the ESS spec- 
troscopic sample (617 with R c < 20.5), 606 galaxies have 
at least 1 spectrum obtained in spectro-photometric condi- 
tions (402 with R c < 20.5); for the remaining 283 galaxies 
(215 with R c < 20.5), the single, 2 or 3 spectra of them 
were observed in cither obvious non-spectro-photometric 
conditions or suspected as such. Among the 889 galaxies 
in the ESS spectroscopic sample, 204 of them have double 
spectroscopic measurements, and 35 have triple spectro- 
scopic measurements. These multiple measurements pro- 
vide 228 pairs of spectra with each a Si — 6± defined spec- 
tral type, which we use to assess our internal random er- 
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rors. Among them, 102 pairs have both spectra taken in 
spectro-photometric observing conditions, and 126 pairs 
have at least one spectrum taken during a non-spectro- 
photometric night. The resulting r.m.s. dispersion in the 
spectral classification, and in the resulting K-corrections 
and absolute magnitudes is: 

a(6) ~ 2.5° (2.8°) 

<j(6) ~ 1.8° (2.1°); (8) 
a(K B ) ~ 0.14 mag (0.21 mag) 

a(K v ) ^ 0.11 mag (0.14 mag) , , 

a(K Rc ) -0.07 mag (0.11 mag); { ' 



a(M B ) ^ 0.16 mag (0.24 mag) 

a(M v ) ~0.13 mag (0.15 mag) , . 

a(M Rc ) -0.09 mag (0.12 mag) [ } 

Note that in the present Sect., 5 and 9 stand for Si and 
0i resp., as described in Sect. 12.21 In Eas. I81ITU1 the first 
quoted dispersion is calculated from the 102 pairs of spec- 
tra observed in spectro-photometric conditions, whereas 
the value in parentheses indicates the dispersion calcu- 
lated from the 126 pairs in which at least one spectrum 
was taken during a non-spectro-photometric night. The 
dispersion is calculated using a 2.5-c rejection of the out- 
liers. 

We first note that adding in quadrature the 0.05 mag 
uncertai nties in the B V an d R c magnitudes (for R c ^ 
21.0; see lArnouts et al.lll997j) to the values in Eq. El yield 
values close to those in Eqs. ^3 Second, as expected, 
the random errors are systematically larger for spectra 
which where taken in non spectro-photometric condi- 
tions. This sensitivity to the spectro-photometric observ- 
ing conditions after the full sequence of data treatment 
performed to obtain absolute magnitude testifies on the 
quality of the ESS spectroscopic data-reduction, includ- 
ing the flux-calibration stage. A crude measure of the 
uncertainties in the flux calibration is obtained by cal- 
culating the r.m.s. deviation in the ratios of the spectra 
for each pair; the ratio of two spectra is measured as the 
ratio which most deviates from 1 in the wavelength in- 
terval ~ 4000 - 9000 A. For the 102 pairs of spectro- 
photometric spectra, and for the 126 pairs with at least 
one non-spectrophotometric spectrum, the r.m.s. devia- 
tion in the ratios is — 7 — 10% and *S 10% respectively. 

We also evaluate the contribution to the uncertainties 
in the absolute magnitudes caused by the errors in the 
redshifts. From the 228 pairs of independent spectra men- 
tioned above, we measure an "external" r.m.s. uncertainty 
of a ~ 0.00055 in the redshifts, which would correspond to 
an uncertainty of — 165 km/s in the recession velocity at 
small distances. From Eqs. [H]and we measure that the 
contribution from the uncertainty in the redshift to the 
absolute magnitude is caused by the luminosity distance 
term dt, with a contribution u{M\<1l) ~ 2.5<r(z)/(z), 



where f(z) varies from 0.99 at z = 0.1 to 0.67 at z — 0.5. 
Therefore, the contribution to the total a(M) from the un- 
certainties in the redshifts is a(M\d L ) ~ 0.0009 - 0.0014 
for 0.1 < z < 0.5, which is negligeable compared with the 
values in Eq. 

A robust way to evaluate both the random and system- 
atic uncertainties in the flux calibration for the ESS spec- 
troscopic sample is to calculate "spectroscopic colors" by 
"observing" the spectra through the standard B, V, and 
R c filters and compare them with the photometric colors. 
This procedure is only possible for a fraction of the spectra 
for which the appropriate wavelength range is available: 
~ 300 spectra for which a V — R c color can be calculated 
from the redshifted spectra (covering the 4800—8500 A in- 
terval), and another ~ 300 spectra for which a rest-frame 
Mb — My color can be calculated from the rest-wavelength 
spectra (covering the 3600 — 6500 A interval). Because the 
spectroscopic colors are a function of the relative normal- 
ization of the filter transmission curves, these colors must 
be calibrated onto a sequence of standard stars. We use the 
spectra of the CTIO spectro-ph otometric standard stars 
whi ch were originally obtaine d bv lStone fc Baldwin! (^983) 
and lBaldwin fc Stonel lll984h. a nd were subsequently re - 
observed bv lHamuv et al.ll)l992|) and lHamuv et al. (1994). 
We also use t he B V and R c photometry provided by 
iLandohj l)l992fl for these standard stars. The resulting cal- 
ibrations are adjusted by linear regression and the disper- 
sion in the B — V and V — R c color residual is in the range 
0.005 — 0.015 mag (which is negligeable compared with the 
0.05 uncertainties in the ESS apparent magnitudes and to 
those in Eas. [TTj|l . 

"Spectroscopic colors" are then calculated from the 
ESS spectra, and the resulting mean offset between the 
photometric and spectroscopic colors and the dispersion 
around the mean are: 

C^-i?c) sp cc -(V-R c ) phot =0.06 ±0.23 (11) 
(M B - M v ) spcc - (M B - My) phot = 0.10 ± 0.31 (12) 

When the response curves for the standard filters are taken 
from other sources, they result in insignificant changes in 
Egs- PHU thanks to the prior calibration of the spectro- 
scopic colors with the CTIO standards. Removal of the 
atmospheric O2 absorption bands from the spectra, near 
6900 A and 7600 A, by linear interpolation from the sur- 
rounding continuum also yields insignificant changes in 

Eqs. nun 

We first consider the dispersion in the color offsets in 
Eas. iniP 0.23 for V — R c and 0.31 for M B - M v . The 
r.m.s. uncertainties of 0.05 mag in the B V and R c magni- 
tudes for R c ^ 21.0 represent a negligeable contribution to 
these values. Part of dispersion in the color offsets calcu- 
lated from apparent magnitudes (Eq. 1 1 1 1) originates from 
the random errors in the flux calibration. As mentioned 
above, these can contribute by <; 0.10 to the dispersion in 
the spectroscopic magnitude, thus by ^ 0.10^2 ~ 0.14 to 
dispersion in the spectroscopic color V — R c . The 0.31 mag 
dispersion in the color offset for absolute colors (Eq. I12fl 
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is larger than in Eq. ^2 because it includes the dispersion 
in the K-corrections (Eq. EJ . 

We then examine the systematic offsets between the 
photometric and spectroscopic colors themselves, which 
can be interpreted as a magnitude scale offset. Because the 
r.m.s. dispersion in the color offsets given in Eas. 1111 and 
lL2lis measured over the ~ 300 spectra considered in each 
case, the uncertainties in the scale offsets are obtained by 
dividing the dispersion values by ~ \/300, which yields 
0.013 mag and 0.018 mag respectively. These are negligeable 
compared with the 0.06 and 0.10 mag offsets in Eas.lTTIand 
1121 making these offsets highly significant. If we now as- 
sume that the mean scale offsets in Eas. II llfl2l originate 
from a systematic error in the flux-calibration, both off- 
sets are consistent with the single interpretation that the 
ESS spectra have a 9% redder continuum every 1000 A in 
the wavelength range ~ 4000 - 8000 A. Because the ef- 
fect is present in both the observed colors (Eq. Illfl and 
the rest- frame colors (Ea. I12JI . the contribution from the 
ESS K-corrections to the color offset must be small - as 
these would only affect Eq. El We suggest that the sys- 
tematic color offset is related to the shape of the transmis- 
sion curves of the various CCDs used for the multi-object 
spectroscopic observations: the spectro-photometric cali- 
brations may have under-corrected the lower sensitivity in 
the blue parts of the spectra, a common feature of CCD 
detectors. 

Note that there may be a contribution to Eqs. I11H12I 
from aperture effects: the ESS spectra were obtained using 
long slits centered on the galaxies, which sample a larger 
fraction of the nuclei of galaxies as compared with their 
outer parts. Beca use color gradients are present in galaxies 
of varying types llSegalo vit dll975l iBoroson fc T hompson! 
Il987t Ivieroux et alJll988t iBalcells fc Peletierlll994|) . and 



in most cases correspond to several tenths of a magnitude 
bluer colors when going from the central to the outer re- 
gions of a galaxy, the spectroscopic colors may be biased 
towards redder colors. This effect is likely to contribute to 
both the systematic offset and the dispersion in the dif- 
ference between the photometric and spectroscopic colors 
in Eas. llllTP2l Here, we cannot however separate the rel- 
ative contributions of the intrinsic galaxy color gradients 
and of the instrumental response curve; this would require 
detailed simulations based on galaxy surface photometry. 

Measurement of the (steep) slopes of the PCA clas- 
sification parameter S as a function of (V — R c )phot and 
(Mb — My) phot for the ESS spectra, allows us to con- 
vert the systematic offsets in Eqs. ^2^3] into a system- 
atic offset in the spectral type 5. Both Eqs. ^2 and IT51 
yield A<5 ~ —2.5°, which contributes to validating our in- 
terpretation of the systematic color offsets in terms of a 
general flux-calibration error affecting all spectra over a 
wide wavelength range. Note that the derived systematic 
offset in S is comparable in absolute value to the ran- 
dom error given in Eq. |SJ and it is small compared with 
the wide range of S covered by the galaxy types in the 
ESS, -15° <, S < 20 (see Fig. Et). This offset has the 
net effect of shifting the ESS spectral sequence towards 



earlier-type spectra. It has the advantage of explaining the 
apparent systematic offset betwee n the ESS spectra and 
the K ennicutt spectra in Fig. 8 of iGalaz &: de Lapparent! 
l|l998j) . the latter appearing shifted towards later- type 
spectra when projected onto the ESS PCA plane. 

The above analysis of the systematic errors in the flux- 
calibration therefore indicates that when comparing the 
ESS S spectral sequence with that for other samples, the 
values of S for the comparison sample obtained by pro- 
jection onto the ESS PCs should be offset by -2.5°. If 
not, ESS galaxies would appear of earlier-type (too red) 
compared with other databases. This is used in the next 
Sect, where we compa re the ESS spectral sequence with 
the Kennicutt spectra (|1992j) , with the goal to make a cor- 
respondence between the ESS spectral type LFs and the 
intrinsic LFs per morphological class. 



2.5. Sub-samples in spectral type 

Although the full sequence of galaxy spectral types are 
present in the ESS (see Fig. Et) , the moderate number of 
objects in the survey limits the number of spectral classes 
which can be analyzed. We choose to separate the sample 
into 3 classes defined by S < -5.0°, -5.0° < S < 3.0° 
3.0° < 5; the corresponding galaxies are labeled "early- 
type", "intermediate-type", and "late-type" respectively. 
These values separate the ESS sample into 3 sub-samples 
with comparable numbers of objects in the R c < 20.5 
sample (~ 200 galaxies, see Table below), and therefore 
allow us to measure the 3 LFs with comparable signal. 
The 3 samples are indicated in Fig. Et by vertical lines. 

Because the PCA spectral classification is continuous, 
the S = —5.0° and 6 — 3.0° boundaries are arbitrary. A 
correspondence can nevertheless be made with the Hubble 
mor phological c l assific ation by projecting Kennicutt spec- 
tra ijKennicuttl Il992l) onto the ESS 8 — sequence: 
we use the 26 Kennicutt sp ectra listed in Table 2 of 
IGalaz fc de Lapparent! (fl? 



discarding MK270, an un- 
typical SO galaxy with strong emission lines. As discussed 
in the previous Sect., this comparison requires that we 
offset the projections of the Kennicutt spectra onto the 
ESS PCs by AS = -2.5°. The resulting Kennicutt spec- 
tral sequence is plotted in Fig. Eb above, and confirms 
that the morphological types vary continuously along the 
Hubble sequence as ^ incre ases, as already shown by 
IGalaz fc de Lapparentl l)l998|) . 

Comparison of Figs. Et and Eb suggest that the ESS 
early-type class contains predominantly E, SO and Sa 
galaxies, the intermediate-type class, Sb and Sc galaxies, 
and the late-type class, Sc and Sm/Im galaxies. The cho- 
sen S boundaries at —5° and 3° therefore make physical 
sense as far as differentiating between intrinsically differ- 
ent LFs: they may help in separating the contributions 
from the bounded LFs for the Elliptical, Lenticular and 
Spiral galaxies, and the unbounded LF for the Irregular 
galaxies. 
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Fig. 6. Spectral classification parameter 8 as a function of 
absolute magnitude M(R C ) for the ESO-Sculptor galaxies 
with R c < 20.5 sample. Galaxies with EW[OII] < 10 A are 
shown as black open circles, those with EW[OII] > 10 A as 
magenta filled circles. The vertical lines at 8 = —5° and 
5 = 3° indicate the limits between the 3 spectral classes 
used for the calculation of the luminosity functions (see 
Sect. EHJ- 
Figurc shows the ESS absolute magnitude M(R C ) as 
a function of the spectral classification parameter 5\ for 
all galaxies with R c < 20.5. Here, there is a systematic 
correlation between spectral-type and luminosity of the 
galaxies, with a dimming by nearly 2.0 mag from 6 ~ —10° 
to 5 ~ 10°: this effect is a real property of the galaxies 
which causes the shift of M* towar ds fainter magnitudes 
for galaxies of later s pectral type l|Bromlev et al.l Tl998: 
iMadgwick et alJl200i see also Sect. E2 below). 

3. The shape of the ESS luminosity functions 

3.1. Method 



The ESS shows remarkable clustering 



in the galaxy dis- 
As far as the 



■mg m t 

tribution l)Bellanger fc de Lapparent1ll995h 
determination of the shape of the LF is concerned, sim- 
ple methods such as the 1/V max method itScnmidd llQiih 
are str ongly biased by the large-scale structures in the 
survey Instead, one must use statistical 

estimators based on ratios of number of galaxies, thus 
cancelling out the variations in density with distance. We 
also use maximum likelihood estimators which involve the 
probability that each galaxy in the survey is observed 
with its redshift and absolute magnitude. Two variants 
are used here: the step-wise max imum likelihood metho d 
(SWML hereafter) developed bv lEfstathiou 
which does not assume any specific parameterization but 



requires to bin the dat a in steps of absolut e magnitude; 
and the STY method i Sandage et al.l[l97^) . which does 
not require to bin in magnitude intervals, but assumes a 
specific form for the LF. The SWML and STY solutions 
both account for the incompleteness per app arent magni- 
tude i nterval according to the prescription bv lZucca et alJ 
lll994lL 

Because the ESS spectral-type LFs can be fitted by an 
exponential fall-off at bright magnitude and a power-law 
behavior at faint magnitudes, we use a ISchechterl l|l97fih 
parameterization for the STY fit (but see Sect. QJ. This 
function is defined by 3 parameters, (jf the amplitude, L* 
the "characteristic luminosity" , and a which determines 
the behavior at faint luminosities: 



(13) 



Rewritten in terms of absolute magnitude, Eq. be- 
comes: 

4>(M)dM = 0.4 In 10 4>*e- x X a+1 dM 

with (14) 

X = L_ =1 qQA{M*-M) 

where M* is the "characteristic magnitude" . 

The performances of the SWML and STY techniques, 
and various other methods for deriving the LF h ave been 
tested on simulated sample s by several authors l|Willmerl 
Il997t iTakeuchi et alJl2000j) . We refer the reader to these 
articles for discussion of the strengths and weaknesses of 
the SWML and STY methods. We did verified by appli- 
cation to various simulations matching the ESS configu- 
ration that these estimators are able to measure the input 
LF for an ESS-type survey, despite the large-scale spatial 
inhomogeneities (with the accuracy allowed by the num- 
ber of galaxies in the sample). These simulations are mock 
ESS surveys with ~ 240, ~ 2400 and ~ 24 000 points, and 
various types of large-scale inhomogeneities characterized 
by a modulation of the density in the redshift distribution 
(variations in density with position on the sky at constant 
redshift have no impact on the luminosity function). In 
all cases, the measured values of M* , a and <fi* differ from 
the input values by the expected r.m.s. accuracy from the 
number of galaxies in the sample. We are therefore confi- 
dent that the LFs measured here are unbiased by the ESS 
large-scale structure and other possible numerical effects. 

Note that we have not incorporated into our STY fits 
the uncertainties in the absolute magnitudes: these can 
be accounted for by replacing the Schechter function by 
its convolved analog under the assumption of Gaussian 
errors in the magnitudes (with an r.m.s. dispersion de- 
noted <7m hereafter). Several analyses have been performed 
for evaluating the effec t of the magnitude errors onto the 
Schechter parameter s l|Lin et a.lJll99tiHZiicca et~aTlll997l: 
iRatcliffe et a"T1ll998h . For a M = 0.1 mag . lLin et alJ (Il99ft> 
find systematic offsets in the STY Schechter parame- 
ters of AM* = +0.03' ° as and Aa = + 0.03, for nearly 
flat LFs with a ~ — 1. iLin et al ] lll997h then show that 
neglecting photometric errors with <tm < 0.1 mag only 
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biases M* and a by at most AM* = -0 02 ma g and 
Aa = -0.01. For a M = 0.2 mag . IZucca et alJ (|l997l) mea- 
sure AM* = +0.10 mag and Aa = +0.0 5 for a in the 
range -0.9 to -1.4. For er M = 0.22 mag , iRatcliffe et all 
l|l998(l measure AM* = +0.04 mag and Aa = +0.10 for an 
LF with a ~ — 1. Based on these results, we expect that 
the random errors in the ESS absolute magnitudes, which 
are in the range 0.09 mag < <r M < 0.24 mag (Eq.^, would 
yield systematic offsets 0.03 mag < AM* < 0.10 mag and 
0.03 Aa 0.10. The random errors in the Schechter 
parameters for the ESS LFs are in the range 0.15 — 0.30 
(see Table |2 below) and are thus larger than these sys- 
tematic errors. We therefore neglect the uncertainties in 
the absolute magnitudes in the calculation of the STY 
solution. 

3.2. The ESS luminosity functions per spectral type 

Figure [7| plots the measured LFs for the 3 galaxy types in 
each filter, restricted to the nominal limits given in bold 
face in Table The points represent the SWML solu- 
tion, and the curves show the STY fit using a Schechter 
parameterization whose parameters M* and a are listed 
in Table |2 Figure also shows the histograms of abso- 
lute magnitude, which allow one to evaluate how the ESS 
samples populate the measured LFs. Contrary to clusters 
of galaxies, where all galaxies occupy approximately the 
same volume, these histograms cannot be used as such, as 
galaxies with fainter magnitudes are detected in shallower 
samples. 

Table [21 also lists the number of galaxies and average 
spectral type < 5 > for each sub-sample for which we cal- 
culate a LF: the 3 spectral classes, in the 3 filters B V 
R c , to the nominal magnitude limits (see Tabled and to 
fainter limits. Note that in the calculation of the LF, a K- 
correction is calculated for each galaxy using the individ- 
ual values of 8' and the calculated transformation K(z, 8') 
described in Sect. 12.31 fEa. 15)1: the average spectral types 
< 8 > listed in Table are thus only shown as indicative. 

For the SWML points in Fig. a bin size of AM = 
0.48 mag is used in all 3 filters. Note that the SWML 
solut ion is weakly dependent on AM l|Efstathiou et alJ 
Il988|) . which we have checked using varying values of 
AM for the ESS LFs: smaller or larger bin sizes within a 
factor of 2 yield similar curves. For the STY solutions, 
we set the brightest and faintest limits to —23.0 and 
-16.0 resp. in R c , -22.7 and -16.0 resp. in V, -21.6 
and —15.0 resp. in B; these bounds only exclude a cou- 
ple of galaxies with anomalously bright or faint absolute 
magnitude. Because the amplitudes of both the STY and 
SWML solutions are undetermined, we adopt the follow- 
ing: we use for all ST Y curves in Fig. H the <j>* values 
listed in Table (see Ide Lapparent etaD 120031 for de- 
tails); then, for each sample, the SWML points are ad- 
justed by least-square fit to the STY solutions. Because 
the amplitude <jj* str ongly evolves with redshi ft for the 
late- type galaxies (see Ide Lapparent et alJl20o3l . Table 



Table 2. Schechter parameters for the ESO-Sculptor lu- 
minosity functions, in the Cousins R c and Johnson V and 
B filters. 



early- type galaxies 



Sample 


N 


< S > 


M* — 5 log h 


OL 


(1) 


(2) 


(3) 


(4) 


(51 


R c < 20.5 


232 


-8.469 


-20.56 + 0.14 


+0.11 + 0.23 


R c < 21.0 


278 


-8.385 


-20.61 ± 0.14 


-0.02 + 0.20 


R c < 21.5 


291 


-8.376 


-20.69 ± 0.14 


-0.13 + 0.17 


V < 21.0 


156 


-8.576 


-20.26 + 0.18 


-0.16 + 0.24 


V < 21.5 


210 


-8.497 


-20.08 + 0.14 


+0.03 + 0.22 


V < 22.0 


266 


-8.420 


-20.08 + 0.15 


-0.37 + 0.21 


V < 22.5 


285 


-8.379 


-20.05 + 0.15 


-0.40 + 0.20 


B < 22.0 


108 


-8.511 


-19.52 ± 0.24 


-0.24 + 0.33 


B < 22.5 


150 


-8.448 


-19.50 + 0.22 


-0.55 + 0.29 


B < 23.0 


204 


-8.397 


-19.18 ± 0.21 


-0.74 + 0.31 


B < 23.5 


240 


-8.400 


-19.07 + 0.22 


-0.97 + 0.30 


intermediate-type galaxies 


Sample 


N 


< S > 


M* — 5 log h 


OL 


Rc < 20.5 


204 


-1.082 


-20.43 + 0.17 


-0.73 + 0.19 


R c < 21.0 


247 


-0.995 


-20.63 + 0.17 


-0.80 + 0.15 


Rc < 21.5 


270 


-1.006 


-20.85 + 0.19 


-1.07 + 0.13 


V < 21.0 


169 


-0.848 


-19.96 + 0.18 


-0.79 + 0.19 


V < 21.5 


216 


-0.931 


-19.94 + 0.14 


-0.58 + 0.17 


V < 22.0 


249 


-0.987 


-19.86 ± 0.12 


-0.52 + 0.15 


V < 22.5 


266 


-0.979 


-19.93 ± 0.12 


-0.76 + 0.14 


B < 22.0 


154 


-0.681 


-19.37 + 0.20 


-0.75 + 0.21 


B < 22.5 


193 


-0.795 


-19.37 + 0.17 


-0.69 + 0.18 


B < 23.0 


225 


-0.850 


-19.02 ± 0.15 


-0.44 + 0.19 


B < 23.5 


242 


-0.920 


-19.07 + 0.16 


-0.61 + 0.17 






late-typ 


e galaxies 




Sample 


N 


< S > 


M* — 5 log h 


a 


Rc < 20.5 


181 


8.215 


-19.84 + 0.24 


-1.64 + 0.23 


Rc < 21.0 


268 


8.549 


-19.92 ± 0.19 


-1.46 + 0.18 


Rc < 21.5 


309 


8.787 


-20.08 ± 0.21 


-1.48 + 0.16 


V < 21.0 


168 


8.393 


-19.34 + 0.23 


-1.42 + 0.22 


V < 21.5 


251 


8.626 


-19.44 + 0.17 


-1.22 + 0.17 


V < 22.0 


293 


8.653 


-19.41 ± 0.15 


-0.93 + 0.15 


V < 22.5 


308 


8.738 


-19.49 ± 0.14 


-0.86 + 0.14 


B < 22.0 


190 


8.670 


-19.00 + 0.20 


-1.25 + 0.20 


B < 22.5 


255 


8.808 


-18.95 + 0.17 


-1.06 + 0.17 


B < 23.0 


279 


8.825 


-19.00 + 0.16 


-0.80 + 0.16 


B < 23.5 


287 


8.765 


-18.96 + 0.15 


-0.62 + 0.14 



Definition of Cols.: 

1 Limiting magnitude. 

2 Number of galaxies in the sub-sample used for computation 
of the derived LF. 

3 Average spectral type 5 for the sub-sample. 

4 Characteristic magnitude of the LF obtained by an STY 
Schechter fit (see Eq. • 

5 Slope at faint magnitudes of the LF obtained by an STY 
Schechter fit (see Eq. [HJ . 



lists for that sample the average amplitude in the inter- 
val 0.1 < z < 0.2; in contrast, the integrated estimate of 
<(>* for z < 0.55 is used for the early- type and late-type 
samples (see Ide Lapparent et ahlEoO^ . 
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Fig. 7. The ESO-Sculptor luminosity functions for the early-type, intermediate-type, and late-type galaxies at the 
nominal limits in the 3 filters: R c < 20.5, V < 21.0 and B < 22.0. Symbols indicate the SWML solution, and lines the 
STY solution: early- type are shown as red filled circles and red solid lines; intermediate- type as green open circles and 
green dotted lines; late-type as blue open triangles and blue dashed lines. The natter curve for the late-type galaxies 
in the R c < 20.5 sample has a = —1.3 (see text for details). The Schechter parameters of the STY solutions are listed 
in Tables [3 and |3J The amplitudes of the SWML points are adjusted by least-square fits to the STY solutions. The 
histograms show for each filter the number of galaxies used in the calculation of the corresponding LFs as a function 
of absolute magnitude (with the same line coding as for the STY solutions). 



Figure shows that the ESS "general" LF is a com- 
posite function of at least 3 different galaxy popula- 
tions: at bright magnitudes (M[R C ] —21), early-type 
and intermediate-type galaxies dominate the population, 
whereas at the faint-end, they are outnumbered by the 
late-type galaxies, which show a steep increase in number 
density. The fact that these trends are observed in all 3 fil- 



ters B V R Cl suggests that differences in the LFs between 
the 3 spectral classes are not due to a color-dependent 
effect (such as star formation, for example), but rather 
reveal truly different mass distributions for the various 
galaxy types. Figure |H1 shows the 1-a error ellipses for 
the LFs measured at R c < 20.5 in each of the 3 spec- 
tral classes: the error ellipses are well separated, and the 
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Table 3. Amplitude <f>* of the LFs in the Johnson B, V 
and Cousins R c bands for the 3 spectral classes in the 
ESO-Sculptor redshift survey. 



Sample early-type intermediate-type late-type 

z < 0.55 z < 0.55 0.1 < z < 0.2 

R c < 20.5 0.01477 0.01361 0.00652 

V < 21.0 0.01392 0.01366 0.00848 

B < 22.0 0.01336 0.01416 0.01013 



Note: This table is ext racted from Table 2 of 
Ide Lapparent et alJ i2003T) . to be consulted for details. <j>* 
is in h 3 Mpc -3 mag -1 . 



T 




19.5 



M'(R c )- 5 log h 

Fig. 8. The best-fit parameters (filled circles) and the 1-cr 
error ellipses for M* and a as derived from the STY fit of 
the LFs to R c < 20.5 for the 3 galaxy classes in the ESO- 
Sculptor Survey: early- type (red solid line); intermediate- 
type (green dotted line); late- type (blue dashed line). 

slope a is significantly steeper at more than the 3-er level 
from one class to the next, when going from the early- type 
to the late- type galaxies. 

We also show in Fig. E| the distribution of absolute 
magnitude M(R C ) versus redshift for the 3 ESS spectral 
classes. Although all spectral classes are detected at all 
redshifts in the ESS, as shown in Fig. there is a strong 
correlation between absolute magnitude and redshift, due 
to the limit in apparent magnitude. Figure El shows that 
at the high redshift end of the ESS (z <; 0.4), only galaxies 
brighter than Mr c ~ —20.0 can be detected whereas faint 
galaxies (with M{R C ) <; —18.0) can only be detected the 
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Fig. 9. Absolute R c magnitudes as a function of redshift z 
for the ESO-Sculptor Survey galaxies with R c < 20.5. This 
graph shows how the limit in apparent magnitude biases 
the range of absolute magnitudes detected at increasing 
redshift, and how the varying K-corrections per spectral 
type affect the faintest absolute magnitude reached at a 
given redshift. 

low redshift end of the ESS (z <i 0.15). Only galaxies in 
the magnitude interval —22.0 Mr c ^ —20.5 can be 
observed in the full ESS redshift range z ~ 0.1 to z ~ 0.5. 
Figure El also shows that the small volume probed at z Sa 
0.1 tends to under-sample the number of galaxies at low 
levels of the LF: at M(R C ) <, -20.0 and z ^ 0.1, no ESS 
galaxies of any class is detected, as the amplitude of all 3 
LFs are below the minimal threshold for detecting at least 
one galaxy in the small sampled volume. 

Note that the fainter absolute magnitudes probed by 
the ESS LF at a given redshift when going from early-type 
to late-type in Fig. are also partly due to the decrease 
of K-corrections for later galaxy spectral types (see Fig. 0] 
and Eq. in Sect. I2.3ll : the faint bound of the absolute 
magnitude distribution is a function of redshift and K- 
correction and is defined by replacing m in Eq. El with the 
R c = 20.5 apparent magnitude limit. 

Table El shows that for the early- type galaxies, the 
slope a at the nominal magnitudes is in the range —0.24 
to 0.11 for the 3 filters, which results in a decrease in the 
number density of galaxies a faint magnitudes, whereas 
for the intermediate-type galaxies, a is close to the value 
a = — 1 for a flat slope, 3 and remains nearly constant in 
all filters at the nominal magnitudes: —0.76 < a < —0.75. 

3 q = — 1 is called a "flat slope" because it results in a con- 
stant 4>(M) at faint M, see Eg. [Til 
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In contrast, the faint-end slope for the late- type galax- 
ies is significantly steeper than for the early-type and 
intermediate-type galaxies, and varies at the nominal mag- 
nitudes from —1.64 in the R c filter, to —1.25 in the B filter. 
This corresponds to a steep increase in the number density 
of Sc+Sm/Im galaxies at faint magnitudes. 

To estimate quantitatively whether the Schechter pa- 
rameterization is a good description of each LF, we com- 
pare the SWML solution with the STY f its us ing the 
likelihood ratio defined bv lEfstathiou et all l|l988h . which 
is distributed asymptotically like a % 2 probability distri- 
bution P$(v) with v the number of degrees of freedom 
in the STY fit. To the nominal magnitude limits in the 
R c , V and B samples, the likelihood ratios are 0.81, 0.83 
and 0.73 resp. for the early-type LFs, 0.75, 0.71 and 0.52 
resp. for the intermediate-type LFs, and 0.46, 0.44 and 
0.31 resp. for the late-type LFs. The high values of the 
likelihood ratios for the early-type and intermediate-type 
classes indicate that the corresponding Schechter param- 
eterizations are good representations of these LFs in the 
3 photometric bands. 

For the late- type galaxies, although the likelihood ra- 
tios of the STY solution remain within the range cor- 
responding to an acceptable fit, they are systematically 
smaller than for the early-type and intermediate-type 
galaxies in each band. We interpret this effect as symp- 
tomatic of the difficulty to match both the intermediate 
magnitude range of the late-type LF (—20 ^ M ^ —18 
in R c and V; -19 < M < -17 in B) and the faint end 
(M > -18.0 in R c and V; M £ -17 in B) when us- 
ing a Schechter parameterization. Figured shows that the 
faintest 4 points of the SWML solution with -18 < M & 
— 16 in the R c < 20.5 late-type LF lie systematically below 
the STY fits. The same effect is observed in the B band, 
but could be partly due to incompleteness (see Sect. 13.31 
below); we then restrict the discussion to the R c late- type 
LF. Because of the inherent under-sampling of the faint- 
end of the LF (see above) , the faintest 4 magnitude bins 
in the late-type SWML solution contain 5 or less galaxies 
each, and thus poorly constrain the STY fit. The steep 
faint-end slope a = — 1.64± 0.23 is therefore determined 
by the 93 galaxies in the interval -20.0 < M (i? c ) < -18.0. 
Ideally, the faint end slope a should be determined by the 
faint end points of the SWML solution. We also plot in 
Fig. [7| the late-type STY solution with a = —1.3, which 
corresponds to the flattest slope allowed by the STY fit 
at the 1-cr level (see Fig. |HJ. Whereas a = —1.3 better 
matches the 4 faint-end points of the late-type LF, it lies 
systematically below the SWML points in the brighter in- 
terval — 19 M(R C ) £s —18. A similar effect is observed 
for the late-type LF obtained from the fainter sample 
R c < 21.5: this sample contains 128 additional galaxies, 
and yields a steep slope for the STY fit a = —1.48 ± 0.16 
(see Table [2J which is determined by 169 galaxies with 
—20.0 Ss M(R C ) —18.0 and provides a good visual 
match to the SWML points in this interval; the faintest 
3 points of the SWML solution (with M(R C ) ^ -17.5) 
however lie systematically below the STY solution. This 



illustrates the difficulty to fit the ESS late-type LFs using 
a single Schechter function. In Sect. 14.51 we show that a 
two-component function (Gaussian + Schechter) provides 
a better adjustment. 

Figure [3 also indicates that the bright magnitude fall- 
off of the V and R c LFs for the latc-typc galaxies is fainter 
than for the early-type and intermediate-type galaxies by 
more than l ma s. The smaller offset of the LF bright-end 
fall-off in the B band can be interpreted as follows. At 
the median redshift z ~ 0.3 of the ESS, the portions of 
the galaxy spectra shifted into the R c and V filter cor- 
respond approximately to the V and B region resp. in 
rest-wavelength. The measured LFs thus detect the optical 
parts of the rest-wavelength spectral energy distribution. 
In contrast, at z ~ 0.3, the observed B band probes the 
rest-frame spectral energy distribution in the near UV, 
which is highly sensitive to star formation; because the 
late-type galaxies have higher star formation than the ear- 
lier types, they appear relatively brighter in the B band 
as compared with the R c and V bands. 

Note that in a Schechter parameterization, offsets in 
the bright-end fall-off of the LF are poorly measured by 
the differences in M*. In Fig. the magnitude shift be- 
tween the bright-ends for the early and late-type LFs is 
- 1.7 raag for the R c < 20.5 sample, ~ 1.5 mag for the 

V < 21.0 sample, and - 1.0 mag for the B < 22.0 sample 
(we measure it at ~ 10~ 3 h 3 Mpc~ 3 mag -1 ). In con- 
trast, the difference in M* between the early and late-type 
LF is 0.72 mag, 0.92 mag, and 0.52 mag for the R c < 20.5, 

V < 21.0, and B < 22.0 LFs respectively (see Table EJ. 
This effect is due to the stron g correlation bet ween the M* 
and a Schechter parameters l|Schechterl 19761) : for differing 
values of the slope a, M* shifts to different parts of the LF 
and marks differently the fall-off of the bright-end. This 
indicates that in a comparison of Schechter LFs, the dif- 
ference in M* must be increased by 0.5 to 1.0 mag to derive 
the shift in the bright-end between a LF with a ~ and 
a LF with —1.6 a ^ —1.2. This effect is conveniently 
overcome by using Gaussian LFs for the giant galaxies, 
which have a well defined peak and r.m.s. dispersion (see 
Sect.©. 

3.3. Variations with filter and magnitude limit 

We now discuss how the ESS LFs per spectral-type vary 
among the R c , V and B bands, and with magnitude 
limit. Table H lists the differences M*(B) - M*(R C ) and 
M* (V) — M* (R c ) obtained from the LFs parameters mea- 
sured at the nominal magnitudes as a function of galaxy 
spectral type, and compares them with the mean absolute 
colors per spectral class for the galaxies with R c < 20.5, 
calculated as the mean difference between the absolute 
magnitudes in the 2 considered filters (see also left panels 
of Fig. showing the variations in the absolute colors with 
redshift). Table 01 shows that for a given spectral type, the 
differences in the characteristic magnitudes M* from one 
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Table 4. Comparison of the differences in the Schechter characteristic magnitudes and the mean absolute colors of 
the galaxies in the Johnson B, V and Cousins R c bands for the 3 spectral classes in the ESO-Sculptor redshift survey 
to R c < 20.5. 



Spectral type 


M*(B) - M*(R C ) 


< M{B) - M(Rc) > 


M*{V)- M*{R C ) 


< M(V) - M(R C ) > 


early-type 


1.04 ±0.28 


1.4 ±0.4 


0.30 ± 0.23 


0.5 ±0.2 


intermediate- type 


1.06 ±0.25 


1.0 ±0.3 


0.47 ±0.25 


0.4 ±0.2 


late- type 


0.84 ±0.31 


0.8 ±0.3 


0.50 ±0.33 


0.4 ±0.4 



filter to another simply reflect the mean absolute colors 
for the corresponding galaxy types. 

As shown in Tabled going to deeper magnitude limits 
than the nominal values increases the 3 spectral classes 
by a significant number of galaxies (~ 50-100 objects). 
For the R c LF, when going to the fainter limits listed in 
Table |3 the STY solution remains remarkably stable, de- 
spite the increasing incompleteness of the spectroscopic 
samples: the STY fits have consistent M* and a values 
within less than 2-a. This is evidence for robustness of 
the R c LFs, as the number of early-type, intermediate- 
type and late-type galaxies increases by 25%, 32% and 
71% respectively from the nominal limit to the faintest 
limit R c < 21.5 (the large increase in the number of late- 
type galaxi es is caused by a strong e volution in this pop- 
ulation, see lde Lapparent et aljboo"^ . Note that the vari- 
ations of the LFs with the R c magnitude limit provides 
a good illustration of the correlation between the 2 shape 
coefficients of the Schechter parameterization: when going 
from R c < 21.0 to R c < 21.5, the extreme bright-end bin 
of the SWML solution shifts from 1 to 2 galaxies; despite 
the large error bars, this causes a brightening of M* by 0.2 
magnitudes; to compensate and match the SWML points 
at other magnitudes, a becomes steeper by ~ 0.35. 

In contrast, the V and B faint spectroscopic samples 
suffer color biases which affect the corresponding LFs. 
Because the completeness of the spectroscopic catalogue 
sharply drops to nearly 50% at R c ~ 21.5, the V and B 
catalogue are biased in favor of red objects for galaxies at 
or fainter than the nominal limiting magnitudes V < 21.0 
and B < 22.0: near these limits, the V and B spectro- 
scopic catalogues are be deficient in galaxies with bluer 
colors than B — R c ~ 1.5 and V — R c ~ 0.5 respectively. 
We measure that the resulting reddening in the observed 
B—R c and V— R c colors beyond the nominal V and B lim- 
its varies from ~ 0.15 to ~ 0.40 mag depending on the color 
and class considered, with, as expected, a larger value 
for earlier-type galaxies and in the B band. Because at 
fainter limiting magnitudes, one probes more distant ob- 
jects which are therefore redder (due to the K-correction), 
betters estimates of the color biases are given by the ab- 
solute colors. Whereas the average M(B) — M(R C ) colors 
change by at most ~ ±0.13 mag when going from R c < 20.5 
to 20.5 < R c < 21.5 sample, for the 3 spectral classes, 
the colors become redder by 0.21 — 0.24 mag for the early- 
type and intermediate-type galaxies, when going to fainter 



limiting magnitudes in V and B respectively. The effect 
is smaller for the late-type galaxies, with a reddening in 
M{B)-M{R C ) of 0.05 mag and 0.13 mag in the fainter V and 
B samples respectively. The change in the M(V) — M(R C ) 
color when going to fainter magnitudes than the nominal 
limits are in the range —0.06 to 0.06 for the 3 filters and 
3 spectral types. 

Overall, these colors biases are likely to be respon- 
sible for the 0.45 mag dimming of the M*(B) magnitude 
from the B < 22.0 to the B < 23.5 sample for the early- 
type galaxies; and for the flattening of a by ~ 0.6 with 
nearly constant M* at fainter V and B magnitudes for the 
late-type galaxies (the other variations, for intermediate- 
type galaxies in the B filter, and for early-type and 
intermediate-type galaxies in the V filter, are smaller and 
correspond to less that 1-a deviations). Moreover, it is 
likely that the color biases affecting the V and B samples 
cause the flatter slope a for the late-type B and V LFs 
as compared with that in R c : even at the nominal magni- 
tudes in the B and V, these samples are deficient in the 
blue galaxies which populate the fainter magnitudes for 
late-type galaxies. 

3.4. Comparison with the CNOC2 survey 

The only comparable survey to the ESS is the CNOC2 
(for "Canadian Network for O bservational Cosmology" ) 
redshift survey l|Lin et al.lll999h : as the ESS, the CNOC2 
survey is based on medium resolution spectroscopy from 
which rcdshifts and spectral types are measured. The ESS 
and the CNOC2 also are the only redshift surveys provid- 
ing spectral-type LFs in the R c band at z ~ 0.5. The 
CNOC2 covers 0.692 deg 2 and is limited to R c < 21.5. 
At variance with the ESS, the CNOC2 spectral classi- 
fication is obtained by least-square fit of the UBVR C I C 
colors to those calculated from the galaxy spectral en- 
ergy distributions linearly interpolated between the 4 tem- 
plates of E, Sbc, Scd and Im galaxy types defined by 
IColeman et al.l y980); the "early", "intermediate", and 
"late" spectral classes are then defined as correspondin g 
to the E, Sbc, and Scd±Im templates (see lLin et alll9 99). 
The CNOC2 intrinsic LFs are measured from 611 early- 
type, 517 intermediate-type, and 1012 late-type galaxies. 

Both the C NOC2 and ESS detect evolutionary effect s 
in their R c LFs l|Lin et alll999t l dc Lappa rent et al.l 



Here we only consider the following LFs: for the ESS, the 
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Fig. 10. Comparison of the Schechter parameters M* and 
a for the ESO-Sculptor Surv ey in the R r , V, and B bands 
with those from the CNOC2 l|Lin et alll999j) . Galaxies of 
later spectral type are in the direction of steeper slopes a. 



"average" LFs for each spectral type obtained in Sect. 13.21 
by calculating the LFs over the full redshift range of the 
survey (see Table EJ); for the CNOC2, we use the listed 
values of a, for which no evolution is detected, and the 
listed values of M* at z = 0.3 bv iLin et all (jl999), as 
it nearly corresponds to both the median redshift of the 
su rvey and the pea k of the redshift distribution (see Fig. 6 
of ILin et alJ ll999: z — 0.3 is also close the peak redshift 
for the ESS). 

Figure E3 plots the M* and a parameters for the ESS 
and the CNOC2 in the R c , V, and B bands. The points 
for each survey are connected from one class to the next 
(red stars for the CNOC2, green filled circles for the ESS). 
Left panel of Fig. ^] shows that the values of M* and a 
for the CNOC2 R c < 21.5 sample are in close agreement 
with those for the ESS R c < 20.5 sample at the 1-tr level. 
As in the ESS, the CNOC2 intrinsic LFs show a steep- 
ening in a and a dimming in M*(R C ) when going from 
early to late spectral types, with most of the dimming oc- 
curring between intermediate and late types. In the next 
Sect., we show that for the ESS, this dimming is a sig- 
nature of the fainter magnitude late-type Spiral galaxies 
(Sc, Sm) detected in the late-type class, compared with 
the earlier Spiral types Sa and Sb included in the early 
and intermediate-type classes, respectively. 

The agreement of the ESS and CNOC2 intrinsic LFs in 
the R c band is a result of the similar morphological con- 
tent of the spectral classes: the early, intermediate, and 
late- type classes contain predominantly E/SO, Sbc, and 
Scd/Im resp. in the CNOC2; in the ESS, they contain 
E/SO/Sa, Sb/Sc, and Sc/Sm/Im resp. (see Sect. EH- We 
further check the similar content of the ESS and CNOC2 
by comparing the relative number of galaxies in each class. 
At R c < 20.5, the ESS early, intermediate and late- type 
class contain 38%, 33% and 29% of the galaxies, respec- 
tively. At R c < 21.5, the CNOC2 early, intermediate, and 
late- type classes contain 29%, 24%, and 47% of the galax- 



ies, respectively. The 1-mag fainter limiting magnitude in 
the R c band for the CNOC2, and the detected evolution 
in the amplitude of the late-ty pe LFs in both the CNOC 2 
(|Lin et alJll99flh and the ESS l|de Lapparent et alJEool . 
is likely to be responsible for the increase in the fraction 
of late-type galaxies in the CNOC2 compared with the 
ESS. For direct comparison with the CNOC2, we esti- 
mate the expected fraction of ESS galaxies per spectral 
class at R c < 21.5 as follows: in each of the 3 spectral 
classes lying in the 2 magnitude intervals 20.5 < R c < 21.5 
and 20.5 < R c < 21.5, we correct the number of galax- 
ies with a redshift measurement by the incompleteness 
in that magnitude interval (given in parenthesis in Table 

This assumes that the incompleteness is independent 
of spectral class beyond the R c < 20.5 nominal limit, 
which is plausible as the observed galaxies beyond the 
nominal limit where chosen on the basis of total luminos- 
ity and crowding on the multi-object masks. The lower 
success rate in measuring redshifts for low signal-to-noise 
absorption-line spectra compared with emission-line spec- 
tra of similar signal-to-noise ratio might bias the galaxies 
with measured redshifts toward later spectral type; this is 
however a small effect, which we ignore here. The result- 
ing estimated fractions of ESS galaxies per spectral class 
at R c < 21.5 are: 27%, 30%, and 43% for early, intermedi- 
ate, and late-type respectively. The y/~N uncertainties in 
the ESS and CNOC2 fractions are 1 - 2% (taking into 
account 2-point clustering would slightly increase these 
uncertainties). The CNOC2 and ESS early-type classes 
therefore contain a consistent fraction of galaxies. In con- 
trast, the CNOC2 intermediate-type class contains fewer 
galaxies than in the ESS, whereas the opposite is true for 
the late-type class. This suggests that the CNOC2 late- 
type class includes galaxies of earlier type than in the ESS 
late-type class. This might explain why the late-type LF 
for the CNOC2 has a flatter a and brighter M* than in 
the ESS (see Fig.EJ. 

There are 2 other surveys providing estimates of intrin- 
sic LFs at z ~ 0.5 in a red filter: the sample of field galax- 



ies e xtracted from the CNOC1 cluster survey (Lin et al 
Il997l). based on gr photometry in the iThuan k. Gunn 
(1976) system, in which the intrinsic LFs are derived 
from 2 color sub -samples; and the CO MB O-l 7 survey 
llWolf et al.ll2003|) . based on the r* band l|Fukugita et alJ 
Il996|) . in which LFs are measured for 4 spectral classes. 
The results from these 2 sur veys, and those from 3 other 
surveys at smaller redshifts I Lin et al.lll996| iBrown et all 
2001; |Nakamura et al.l2003ft are analyzed in de La pparenti 



(2003), which provides an exhaustive comparison of all es- 
timates of intrinsic LFs in the optical bands derived from 
surve ys ranging from z ~ 0.03 to z ~ 0.6. The analy- 
sis of Ide Lapparent! (|2003) includes surveys in which the 
intrinsic LFs are based on either spectral classification, 
morphological type, rest-frame color, or strength of the 
emission-lines. 

In the Johnson V band, the ESS provides the first es- 
timates of intrinsic LFs at z ~ 0.3. The corresponding 
Schechter parameters are plotted in the middle panel of 
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Fig. 1101 and show the similar dimming in M* and steep- 
ening in a for later types as detected in the R c band. 
The only other existing measurements in the V band are 
those provided by the Century Survey ijBrown et al . 2001) 
based on 2 intervals of V — R c rest-frame color; these are 



compared to the ESS in lde Lapparent! l|2005 

Right panel of Fig. shows the Schechter parame- 
ters for the ESS and CNOC2 LFs in the B band. For the 
CNOC2, we have converted the listed values of M*(Bab) 
for z = 0.3 and go = 0.5 into the Johnson B band using 
B - B AB = 0.14 (see lFukugita et alJlL995h . The CNOC2 
B LFs are based on samples with nearly identical numbers 
of galaxies as in the R c filter. The B band intrinsic LFs 
for the 2 surveys also show the steepening in a from the 
early to the late-type classes. The agreement between the 
CNOC2 and ESS B LFs is however not as good as in the 
R c band, with a ~ 2-cr difference between the M* values 
for the early-type LFs. This could be caused by the incom- 
pleteness of the ESS B samples due to the R c selection of 
the spectroscopic sample (see Sects. l2~D and I3.3ll . 

Several other rcdshift surveys provide estimates of 
B LFs to z ~ 0.5: the Canada- France Redshift Surve y 
fCFRS iLillv et al.lll995h: the CNO C1 ijLin et allFmol) : 
the Norris survey l|Small et alJ|l997|): the Autofi b survey 
llHevl et alJll997t> : t he CADIS ([Fried et al.ll200llk and the 
C OMBO-17 surv e y ilWolf et al.l2003h . Werefer the reader 
to Ide LapparentJ l|2003h . for comparison of the B LFs 
among these surveys and with those measured at lower 
redshifts. 



4. Composite adjustments of the ESS luminosity 
functions 

In this section, we derive composite fits of the ESS lumi- 
nosity functions per spectral-type by comparison with the 
LFs per morphological type measured from local groups 
and clusters (see Sect.0. This analysis has the advantage 
of providing clues on the underlying morphological mix in 
the ESS spectral classes. 

4.1. The local luminosity functions per morphological 
type 

Comparing the local LFs to the ESS measurements 
requires to relate the extrapolated Bt magnitudes 
from the Third Reference Catalogue of Bright Galaxies 
ijde Vaucouleurs et al.lll99ll) to the Johnson-Cousins sys- 
tem. To this end, we use the apparent photo-electric mag- 
nitudes in the Johnson B band measured for V irgo clus- 
ter galaxies 4 bv lSchroeder fc Visvanathanl 1 1996). The re- 
sulting Bt — B distribution as a function of morpho- 



logical type has a bell shape with a large dispersion of 
~ 0.2 mag . We empirically adopt the values listed in col- 
umn M(B T ) - M(B) of Table which lies within the 



Bt — B distribution and vary smoothly with morpholog- 
ical type (between 0.0 and 0.3, with a peak for type Sa). 
Note that althoueh lSchroeder fc Visvanathanl 1^)96) pro- 
vide apparent colors, these are close to colors in abso- 
lute magnitudes at the small redshift of the Virgo cluster, 
hence the notation of absolute color in Table [S] We also 
list the Jo hnson-Cousins B — V and B — R c colors cal- 
culated bv iFukugita et all l|l995|) at redshift z — 0, and 
deduce by combination with the Bt — B values the color 
transformation from Bt to the other ESS bands; these are 
also listed in Tablc[S]as absolute colors. For the ESS galax- 
ies, derivation of the corresponding apparent colors would 
require use of the K-corrections described in Sect. 12.31 

Table show s the parameters of the lo cal intrinsic 
LFs reported by Ijerien fc Tammannl <|l997|) in the Bt 
system, along with the conversion of the LF character- 
istic magnitudes (Gaussian peak or Schechter M*) from 
the Bt band into the Joh nson-Cousins system using the 
transformations in TablelBl lSandage et alJ l|l985lh were the 
first to demonstrate that in the Virgo cluster, the LFs of 
Elliptical, Lenticular and Spiral galaxies are bounded at 
both bright and f aint magnitudes. Her e , we u se the more 
recent analysis of Ijerien fc Tammannl l)l997|) . which has 
the advantage of averaging the LFs for giant galaxies over 
3 clusters (Virgo, Fornax, Centaurus), and thus yields a ro- 
bust determination of the parametric forms for these LFs: 
the SO and Spiral LFs have Gaussian shapes; the E LF has 
a Gaussian shape which is skewed towards fainter magni- 
tudes, and can be fitted by a Gaussia n with a different dis- 
persi on at the bright and faint end l|jerien fc TammanrJ 
Interpretation of the ESS spectral-type LFs re- 
quires to split the Spiral LF into the LFs f or in dividual 
Spiral types. In their Fig. 18. ISandage et al.l l|l985l) sketch 
the LFs for types Sa/Sb, Sc, and Sd/Sm respectively. 
Because the authors do not provide the functional forms 
nor the parameters for these curves, we have estimated 
them visually, assuming Gaussian profiles. The resulting 
parameters are listed in Table and the correspond- 
ing curves appear in reasonable agreement with the his- 
tograms for each Spir al type in the Virgo and Centaurus 
clusters (see Fig. 3 of lJerien fc TammanrJll99'R) . 

In contrast, the LFs for dwarf Spheroidal galaxies 
(dE and dSO) have an ever increasing LF at the faint 
end, which is well fitted by a Schechter function with 
a steep slope —1.6 ^ a ^ depending on the 

local density bandage et aUllflsS iFergnson fc Sanda.ge! 

hjll99 



199ll IPritc ;het fc van den Berg h 1999: JerieiietalT 



— I*,- 

Flint et all bOOlblal: IConselice et all 120021) . The LF for 

late-type dwarf galaxies (Im+BCD, where BDC stands 
for "blue compact galaxy") also has a varying behavior 
depending on the environment: at magnitudes brighter 
than M(Bt) —14, it may be fitted by Schechter func- 
tions with a widely varying slope —1.35 a —0.35. 
Nevertheless, in all cases considered, the LF for late- 
type dwarf galaxies appears to decrease at th e faintest 
magnitudes with a poorly determined shape llFergusonl 
Il989t Ijerien fc Tammannl Il997t Ijerien et al]l2000h . and 
to be flatter than the LF for early-type dwarf galax- 



4 This catalogue was obtained from the VizieR database 
provided by the "Cent re de Donnees de Strasbourg" (CDS; 



lOchsenbein et alj EoOO ) . 
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Table 5. Color terms for converting absolute magnitudes from the Bt system into the Johnson-Cousins system used 
in the ESO-Sculptor survey. 



Type a 


M(B T ) - M(B) 


M(B) - M(V) b 


M{B T ) - M(V) 


M(B) - M(R C ) b 


M(B T ) - M(Rc) 


E 


0.10 


0.96 


1.06 


1.57 


1.67 


SO 


0.20 


0.85 


1.05 


1.39 


1.59 


Sab 


0.30 


0.78 


1.08 


1.34 


1.64 


Sbc 


0.20 


0.57 


0.77 


1.09 


1.29 


Scd 


0.10 


0.50 


0.60 


1.00 


1.10 


Sm/Im 


0.00 


0.27 


0.27 


0.58 


0.58 


Spiral c 


0.20 


0.57 


0.77 


1.09 


1.29 



a Hubb le morphologica l type . 

b From lFukueita et al] |l995). 

c The intermediate colors for type Sbc are used. 

Table 6. Parameters of the Gaussian and Schechter LFs for the different morphological types, derived from local 
galaxy concentrations. 



Morphological type 


Type for 


Gaussian Mq — 


5 log h 




Gaussian E 




color term a 


B T 


B 


V 


Rc 




E 


E 


18.33 b 


-18.43 


-19.39 


-20.00 


2.15 ±0.36/1.32 ±0.21 b 
1.13 ±0.10 b 


SO 


SO 


-18.90 ± 0.12 b 


-19.10 


-19.95 


-20.49 


Spiral 


Sbc 


-18.20 ± 0.09 b 


-18.40 


-18.97 


-19.49 


1.37 ±0.07 b 


Sa/Sb 


Sab 


-19.6 ±0.2 c 


-19.9 


-20.7 


-21.2 


0.9 ±0.1 c 


Sc 


Sbc 


-18.5 ±0.2 c 


-18.7 


-19.3 


-19.8 


1.2 ± 0.1 c 


Sd/Sm 


Scd 


-17.1 ±0.2 c 


-17.1 


-17.4 


-17.7 


0.8 ±0.1 c 




Type for 


Schechter M* - 


5 log h 




Schechter a 




color term a 


Bt 


B 


V 


R c 




dE+dSO (Virgo) 


Sab 


-17.79 ±0.32 b 


-18.09 


-18.87 


-19.43 


-1.33 ±0.06 b 


dE+dSO (Centaurus) 


Sab 


-18.67 ±4.06 b 


-18.97 


-19.75 


-20.31 


-1.68 ±0.56 b 


Im+BCD (Virgo) 


Sm/Im 


-16.16 ±0.24 b 


-16.16 


-16.43 


-16.74 


-0.31 ±0.18 b 


Im+BCD (Centaurus) 


Sm/Im 


-17.55 ± 3.42 b 


-17.55 


-17.82 


-18.13 


-1.35 ±0.79 b 



a Galaxy type from which colors from Table |K| are assigned to the considered class of galaxies, thus providing the conversion 

of M (B T ) into the BVR C bands . 
b From lJerien fc Tammaiml i 19971) . 

c LF parameters for individual Spiral types are estimated visually from Fig. 18 of ISandage et al] dl985l) . 

ies llPritchet fe van den Berghl Il999|) . iDrinkwater et alJ 
l)l99q) confirmed bv obtaining redshift measurements in 
the Virgo cluster, that the decrease of the late-type dwarf 
LF at faint magnitudes is not due to incompleteness (as 
would be caused by misidentification of some of the dwarf 
cluster members with background galaxies). Because the 
measured LFs for early-type and late-typ e dwarf galax- 
ies in the Virgo and Centauru s clusters l)Sandage et al] 
Il985l IJerien fc Tammarmlll997|) are representative of the 
range of results obtained from concentrations of galaxies of 
varying richness (see above mentioned references) , we only 
list the results for these 2 clusters in Table Note that 
the dE and Im galaxies largely dominate in numbers over 
the dSO and BCD galaxies resp., in both the Virgo and 
Centaurus clusters. The LFs for dE±dS0 and Im±BCD 
galaxies therefore essentially describe the LFs for types 



dE and Im respectively. In the following, we denote these 
2 populations dSph and dl respectively. 

4.2. Applicability to the ESS luminosity functions 

Most analyses of the local LFs were performed on 
galaxy concentrations of varying richness. A non- 
exhaustive list, excluding rich clusters like Coma , 
contains: the Virgo cluster llSanda ge et al] Il985t 
iFerguson fe Sandagd Il99lt iTrentham fc Hodgkml 120021); 
the F ornax cluster l)Fergusonlll989t iFerguson &; Sandage] 
119911) : the Centaurus cluster Jjerie^^^Tgu^mam] 
19911): the Ursa Major cl uster l|Tre ntham etaj 
l200l(k the Per seus cluster llConselice et al. 120021): 
the Leo group ^Ferguson fc SandageT |1991I iFlint, et alJ 
200 133 iTrentham fc Tullvl l2002lk the Dorado, NGC 
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1400, NGC 5044, Antlia groups l)Ferguson fc Sandagj 
Il99ll): the Coma I NGC 1407, and NGC 1023 groups 
l)Trentham fc Tullvl Ejpl)) . By studying the relationship 
betw een the measured LF and the r ichness of a concentra- 
tion. [ Ferguson fc Sandaeel lll99l|). ITrentham fc Hodgkinl 
()2002f) and iTrentham fc Tullvl ()2002|) have shown that 
the dwarf-to-giant galaxy ratio is a increa sing function of 
richness. Moreover, Binggeli et al showed from a 

local wide-angle survey of low surface brightness galaxies 
with M(B) 5s —16, that although dwarf galaxies delin- 
eate the same large-scale structures as the giant galaxies, 
there is a strong segregation among dwarf galaxies: dE 
lie preferentially in concentrations of galaxies, whereas dl 
are more dispersed; outside clusters, dE also tend to be 
satellites of giant galaxies. Visual detection in the ESS of 
numerous "fingers-of-god" with densities corresponding to 
groups of galaxies sugges ts that the survey does contain a 
large number of groups feellanger fc de Lapparentl [l995: 
Ide Lapparent fc et alJ l2003a|) . Nearby redshift surveys 
indicate that a fraction as large as ~ 30 — 40% of the total 
number of galaxies in a redshif t survey is expected to lie 
m groups l|Ramella et alJl2002|) . Group and field galaxies 
in the ESS should therefore provide significant samples 
of early-type and late- type dwarf galaxies resp., which 
should in turn produce non-negligeable contributions to 
the ESS spectral-type LFs. 

Following the idea that both the early-type and late- 
type dwarf galaxies may contribute to the ESS LF, we 
adjust the ESS spectral-type LFs in the R c band with 
composite functions suggested by the local LFs listed in 
Table E] a two-wing Gaussian for the early-type galax- 
ies, and the sum of a Gaussian and a Schechter function 
for the intermediate- type and late- type galaxies. The pa- 
rameters of the composite functions adjusted to the ESS 
are listed in Tabled an d are plotted in Figs. 1111 and 1121 
together with the observed ESS LFs (SWML points) for 
early-type, intermediate-type, and late-type galaxies with 
R c < 20.5 (top panels) and R c < 21.5 (bottom panels). 
The ESS LFs for R c < 20.5 are already shown in Fig. 
( Sect. 153)1 . with "pure" Schechter functions fitted to each 
curve. Here, we also consider the ESS LFs at R c < 21.5, 
as the fainter limiting magnitude of that sample provides 
tighter constraint on the LF component for dwarf galaxies 
(see Sects. IPI and Pjl . 

For each ESS spectral class, Table recalls the param- 
eters of the pure Schechter fits listed in Tables and 
and then lists the parameters of the composite fits, de- 
noted "2-wing Gaussian" and "Gaussian+Schechter" . As 
for the pure Schechter fits (see Sect. 13.1)) , the composite 
fits a re obtained using the STY method l)Sandage et alJ 
11979ft . The amplitude of the STY fits plotted in Figs. EH 
andEl an d listed in Table0are derived by least-square fit 
adjustment to the SWML points plotted in Fig.0 For the 
R c < 21.5 samples, the same two-step procedure is used as 
for the i? c < 20.5 samples: (i) the SWML points are scaled 
by least-square adjustment to the pure Schechter STY so- 
lution with the same amplitude <f>* as for the R c < 20.5 
sample, listed in Tabic (ii) the composite STY fits 



are then scaled by least-square adjustment to the scaled 
SWML points. We also list in Table0the likelihood ratios 
for the pure Schechter fits and the various composite fits. 

Note that we only apply the composite fits to the R c 
LFs, because as shown in Sect. 13.31 the LFs in the B and 
V bands are affected by color incompleteness. In the fol- 
lowing Sects., we justify the choice of the composite func- 
tions, and compare the best fit parameters with those for 
the local LFs listed in TableE] We emphasize that the lack 
of measurement of intrinsic LFs for field galaxies with a 
statist ical quality comparable to thos e of ISandage et alJ 
l)l985)) and lJerien fc Tammannl l)l997)) leaves us with the 
only option to refer to the group/cluster measurements 
listed in Table El ( we however comment on the sparse field 
measurements of iBinggeli et alJ Il990i see the following 
Sects.). 

4.3. The ESS early-type luminosity function 

As shown in Fig. l2l (Sect. 12.51) . the ESS early-type spec- 
tral class contains predominantly galaxies with E, SO and 
Sa/Sab morphological types (see also Sect. 12.2)) : the early- 
type ESS LF can therefore be compared with the sum of 
the local LFs for these types. We thus perform the STY fit 
of a two-wing Gaussian to the ESS early-type LF, defined 
as a Gaussian with a different r.m.s. dispersion (Si and 
£2) at the faint and bright ends: 

cj>{M)dM = (j) e- x dM 
with 

X = (Mo - M) 2 ITL\ for M < M ( ' 

X = (M - Mfl2Y? 2 for M > M , 

For both the R c < 20.5 and R c < 21.5 samples, shown in 
the top panels of Fig. 1111 the two- wing Gaussian param- 
eterization provides an even better adjustment than with 
the pure Schechter function (see Fig. for the R c < 20.5 
sample), as indicated by the larger likelihood ratios (see 
Table 0. One can also obtain good adjustments of the 
ESS early-type LF using the sum of the 2 Gaussian func- 
tions for the SO and Sa, and a two-wing Gaussian for the 
E, with similar peaks but narrower dispersions than for 
the local LFs in Table El Such a multi-component param- 
eterization is however highly degenerate as the relative 
fractions of E, SO and Sa in the ESS are poorly deter- 
mined from the spectral classification, and because the 3 
Gaussian components have similar peaks and dispersions: 
knowledge of the early-type ESS LF is obviously insuffi- 
cient for constraining separately the E, SO and Sa LFs. We 
however adopt the success of a single two-wing Gaussian 
adjustment, as an indication that the ESS early-type LF 
is compatible with a mix of E, SO, and Sa galaxies having 
Gaussian LFs. 

Note that the local Gaussian LFs for E, SO and Sa 
galaxies (shown in Table EJ) have too large a dispersion to 
match directly the ESS early-type LFs, as the two-wing 
Gaussian (see Table 0) cannot be fitted by any combina- 
tion of the mentioned local LFs for either the R c < 20.5 
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Table 7. Parameters of the Gaussian and Schechter components of the composite LFs fitted to the ESO-Sculptor R c 
LFs. 



Sample 


Morphol. 


Gaussian component 




Schechter component 




lik. 


Type of LF 


type 


M - 5 log h 


E a 


l b 

4>o 


AT - 5 log h a 


0* b 


ratio 


early-type galaxies 


Rc < 20.5: 
















Pure Schechter 










-20.56 ±0.14 0.11 ±0.23 


0.01477 


0.81 


2-wing Gaussian 


E+SO+Sa 


-20.68 ±0.24 


0.76 ±0.12 
1.15 ±0.32 


0.00538 






0.89 


Rc < 21.5: 
















Pure Schechter 










-20.69 ±0.14 -0.13 ±0.17 


0.01477 


0.84 


2-wing Gaussian 


E+SO+Sa 


-20.57 ±0.23 


0.84 ±0.24 
1.37 ±0.36 


0.00533 






0.92 



intermediate-type galaxies 



R c < 20.5: 


















Pure Schechter 










-20.43 ± 0.17 


-0.73 ± 0.19 


0.01361 


0.75 


Gaussian 


Sb±Sc 


-19.79 ± 0.29 


0.88 ± 0.17 


0.00669 










+ Schechter c 


dSph 








— 18.85 ± 0.33 


-1.67 ± 0.29 


0.00463 


0.72 


Rc < 21.5: 


















Pure Schechter 










-20.85 ±0.19 


-1.07±0.13 


0.01361 


0.83 


Gaussian 


Sb±Sc 


-20.03 ±0.17 


0.92 ±0.13 


0.00495 










± Schechter c 


dSph 








-20.58 ±0.32 


-1.49 ±0.32 


0.00537 


0.78 


Gaussian 


Sb±Sc 


-19.97 ±0.21 


0.91 ±0.18 


0.00860 










+ Schechter d 


dSph 








-18.98 ±0.37 


-1.53 ±0.33 


0.00934 


0.62 








late-type 


galaxies 










Rc < 20.5: 


















Pure Schechter 










-19.84 ±0.24 


-1.64 ±0.23 


0.00652 


0.46 


Gaussian 


Sc±Sd 


-18.72 ± 0.34 


0.86 ±0.14 


0.00486 










+ Schechter c 


dl 








-17.85 ±0.28 


-0.83 ±0.26 


0.04394 


0.59 


Gaussian 


Sc±Sd 


-18.72 F 


0.86 F 


0.00484 










± Schechter c 


dl 








-17.54 ±0.30 


-0.30 F 


0.05527 


0.41 


Gaussian 


Sd/Sm 


-17.70 


0.80 


0.00281 










Rc < 21.5: 


















Pure Schechter 










-20.08 ±0.21 


-1.48 ±0.16 


0.00652 


0.51 


Gaussian 


Sc±Sd 


-18.86 ±0.29 


0.97 ±0.13 


0.00440 










+ Schechter c 


dl 








-17.50 ±0.26 


0.39 ±0.21 


0.03677 


0.61 


Gaussian 


Sc±Sd 


-18.86 F 


0.97 F 


0.00392 










± Schechter ° 


dl 








-17.82 ±0.22 


-0.30 F 


0.04342 


0.44 


Gaussian 


Sd/Sm 


-17.70 


0.80 


0.00287 











a For the two-wing Gaussian fits, the parameters listed in Col. labeled E are Ei and E2 respectively. 
b In units of h 3 Mpc~ 3 mag -1 . 

c This is the "iterative fit" obtained by iterating over varying values of <f>o /4>* (see text for details) . 
d This fit is obtained with the constraint M* > —19.43 (see text for details). 

e The values of Mo and E are fixed to those obtained in the Gaussian± Schechter iterative fits (previous line), and the value 
of a is fixed to —0.30 (see text for details). 



or the R c < 21.5 sample. Although this could partly orig- 
inate from evolution and environmental effects, there is 
a non negligeable contribution from sampling effects. At 
the faint end, the ESS is limited by its combination of 
sky coverage and apparent magnitude limit, which results 
in a small sampling volume: the local LFs for E, SO and 
Spiral types in Tableware defined out to M(Bt) ~ —15.5, 

that is M(R C ) 17.0, whereas the ESS early-type LF 

is poorly sampled at M(R C ) fainter than —19.0 (see his- 
togram in Fig. 0) • At the bright end, the steep exponen- 



tial decrease of the LF causes an under-sampling, because 
of the limited sky coverage of the survey. Extending the 
R c < 20.5 sample to R c < 21.5 (which adds 59 early- 
type, 66 intermediate-type, and 28 late-type galaxies) is 
not sufficient to counter-balance this under-sampling, as 
the deeper sample is only ~ 52% complete in redshift mea- 
surements (see Table 0. The result of these combined 
effects is to skew the ESS early-type LF towards bright 
magnitudes. This effect is observed in most magnitude- 
limited redshift surveys, and contrasts with the local E LF 
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Fig. 11. Comparison of the ESO-Sculptor spectral- type luminosity functi ons for R r < 20.5 (to p p anels) and R r < 21.5 
(bott om panels) with the composite LFs modeling the intrinsic LFs (see ISandaee et al.lll985l and Ijerien fc Tammanr] 
Il997l) . Left, center, and right panels show the LFs for the early-type, intermediate-type, and late-type galaxies respec- 
tively. Dotted and dot-dashed lines show the adjusted Spiral LFs, and dashed lines show the adjusted dwarf galaxy 
LFs; solid lines show the composite LFs resulting from the sum of the individual components, excluding the Sd/Sm 
component, only shown as indicative (see text for details). The respective LF parameters are listed in Table (those 
for which the "Type of LF" is written in boldface). 



which is skewed towards f aint magnitudes (see Table EJ). 
I.Terien fc Tammanr] l|l997t) also inte rpret as incqmplete - 
ness the early- type LF measured bv iMuriel et al.1 |l995). 
based on the APM survey, which shows a similar behav- 
ior: the low luminosity E are compact and could easily be 
misidentified with stars, even on a 2.5-m high resolutio n 
Las Campanas du Pont plate (see lJerien fc Dresslerll997^ . 
Such a bias could also contribute to a narrow dispersion 
of the early-type LF in the ESS. However, there has been 
so far no detection of a significant compact population of 
galaxies which could ha ve been missed in deep redshift 
surveys (see for example iLillv et al~lll995|) . 



4.4. The ESS intermediate-type luminosity function 

For the ESS intermediate-type and late-type LFs, the 
situation is somewhat different. The ESS intermediate- 
type class contains predo minantly Sb and Sc galaxies 
(see Sect. ESI and Fig. Eb). ISandage et afl l|l985h sketch 
the Sa/Sb and Sc LFs as 2 Gaussian functions with a 
nearly 1 magnitude brighter peak for the Sc, and a simi- 
lar r.m.s. dispersion of ~ 1 magnitude. Figure [5] suggests 
that in the ESS intermediate-type class, the Sc are as nu- 
merous than the Sb galaxies. Adding to the local Sa/Sb 
Gaussian LF (as listed in Table EJ a contribution from 
the Sc local LF would distort the faint end of the Sa/Sb 
Gaussian. This would however be insufficient to make the 
flat faint-end observed in the ESS intermediate-type LF 
for both R c < 20.5 and R r < 21.5 (see Fig.lTfl. Mo reover, 
examination of Fig. 3 of l.Ierien fc Tammanr] l|l997l based 
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on ISandage et al1ll985|) shows that both the Sb and Sc 
LFs decrease to zero galaxies at M(B^) ~ —16, which 
corresponds to M(R C ) ~ —17.3 (using the colors of an Sbc 
galaxy listed in Table EJ, whereas the ESS LF remains flat 
out to this limit (see Fig. Illfl . 

Having in mind that there are no dwarf Spiral galax- 
ies in the local Universe (see ISandage et al.lll985|) . and 
that dwarf spheroidal galaxies have bluer colors than gi- 
ant E galaxies, we propose that the flat faint-end of 
the ESS intermediate-type LF is c aused by i nclusi on of 
dSph galaxies in this class. Indeed, ICaldwelll (|l983^ sug- 
gests that dE in the Virgo cluster are young and undergo 
some amount of star formation indicated by an excess of 
UV light (the so-called "UV upturn phenomenon"): dE 
with absolute magnitudes —18 < M(B^) < —16, that is 
-19.7 < M(R C ) < 17.7 for the colors of an E galaxy and 
— 19.3 < M(R C ) < 17.3 for the colors of an Sbc galaxy 
(see Table |SJ), have rest- frame color 0.6 < U — V < 1.3 
(see also the similar results of ICaldwell fc Bothunlll98'7l 
for the Fornax cluster) . We thus examine the colors of the 
34 intermediate-type galaxies in the ESS with —19.5 < 
M(R C ) < —17.5. Figure El indicates these galaxies have 
redshifts in the interval 0.07 < z < 0.25, with a median 
redshift ~ 0.18. Their apparent colors describe the inter- 
val 0.6 < B - R c < 2.0, with 73% of the galaxies in the 
interval 0.9 < B — R c < 1.5. There is therefore ample over- 
lap for a population of dE galaxies with rest-frame color 
0.6 < U — V < 1.3, as U — V shifts approximately into 
B — R c at z ~ 0.2. Independent evidence is brought by 
the actual spectra of dE in the Fornax cluster, obtained by 
iHeld fc Mouldl l) 19941) : these spectra show only a weak or a 
non-existing break at the location of the H & K Call lines 
(3933 and 3968 A), and display intermediate-color con- 
tinua w hich makes them closely resemblant to Sa and Sb 
spectra l)Kennicuttlll992h . If such dwarf Spheroidal galax- 
ies were present in the ESS, they would be classified as 
intermediate-type gala xies by the PCA spectral clas sifica- 
tion (see Sect. l2.2l and lGalaz fc de Lapparentlll998(l . 

We therefore choose to parameterize the ESS 
intermediate-type LF by the sum of a Gaussian LF, model- 
ing the contribution from Sb+Sc galaxies, and a Schechter 
component modeling the contribution from dwarf galax- 
ies. Similarly to the two-wing Gaussian in Eq. 1151 the 
Gaussian LF is defined as 

4>{M)dM = 4> e- (Mo - M)2/2 ^ 2 dM; (16) 

the Schechter LF is defined in Eq. [21 The 

Gaussian+Schechter composite LF function has 5 
free parameters: the peak Mq and r.m.s. dispersion X of 
the Gaussian, the parameters M* and a of the Schechter 
function, and the ratio (j)o/(f>* of the amplitudes for the 2 
functions. 

A general STY fit with all parameters left free is highly 
unstable and yields various unrealistic solutions. We how- 
ever find that fixing the value 4>o/4>* is a sufficient con- 
straint for the fit to converge towards a stable and realis- 
tic solution. We therefore perform iterative fits in which 
the ratio 4>o/4>* is fixed to a series of values separated by 



some increment; the smallest increments, used near the 
maximum of likelihood ratio, are 0.01. The best fit is then 
defined as the STY solution with the largest likelihood ra- 
tio. In the following, we denote these fits the "iterative" 
STY solutions, or "iterative fits". 

The parameters resulting from the iterative fits for the 
R c < 20.5 and R c < 21.5 samples are listed in Table 
just below the corresponding "Pure Schechter" fits. The 
iterative composite fits of the ESS intermediate-type LF 
provide as good adjustments as the pure Schechter fits: 
the likelihood ratios only show a small decrease, from 
0.75 to 0.72 for the R c < 20.5 sample, and from 0.83 
to 0.78 for the R c < 21.5 sample. We have not directly 
estimated the uncertainty in the likelihood ratios, but re- 
sults for fits with similar LF parameters for the Gaussian 
and Schechter components (within 1%) yield changes in 
the likelihood ratio by as much a 0.03, which provides an 
underestimate of the true error. The decrease in the like- 
lihood ratios from the pure Schechter fits to the iterative 
fits are therefore within the ~ 1-a error bars. 

In the iterative fit of the intermediate-type LF from 
the R c < 21.5 sample, the value M*(R C ) = -20.58 is 
abnormally bright for field dSph galaxies, expected to 
re present a signif i cant p opulation in the ESS: as shown 
bv lBinggeli et alJ l|l990l see their Fig. 10, bottom panel), 
field dSph galaxies might be fainter than in the Virgo and 
Centaurus clusters, with M(Bt) <; —17. We therefore re- 
run the STY solution for the R c < 21.5 sample, with the 
added constraint that M*(R C ) ^ —19.43 (the measured 
value from Virgo, which is also fainter than for Centaurus, 
see TableEJ- When using this constraint on M*, their is no 
need to perform iterative fits with varying values of 4>q /(f>* : 
leaving all parameters free yields a stable minimum with 
M*(R C ) = -18.98 ± 0.37 and a = -1.53 ± 0.33 (other 
parameters are listed in Tabic EJ). The likelihood ratio de- 
creases to 0.62, a lower but still acceptable value. Because 
the M*(Rc) k, -19.43 constrained fit to the R c < 21.5 
sample provides shape parameters for the Gaussian and 
Schechter components (Mo, S, M* and a) which agree at 
less than the 1-a level with those for the iterative fit to 
the R c < 20.5 sample (the uncertainties in 2 measures are 
added in quadrature in order to estimate the uncertainty 
in the difference), we adopt these 2 fits and plot them in 
the lower and upper middle panels of Fig. Illl resp. (green 
dotted lines for the Sb+Sc LF, red dashed line for the 
dSph LF); the sum of the Gaussian and Schechter compo- 
nents are plotted as continuous green lines. The amplitude 
of each iterative fit is determined by least-square adjust- 
ment to the corresponding SWML solution (see Sect. 14. l|) . 

The values of Mq for the Gaussian component which 
models the Sb+Sc contribution to the intermediate-type 
LF in the R c < 20.5 and R c < 21.5 samples, M (R C ) = 
-19.79 ± 0.29 and M (R C ) = -19.97 ± 0.21 resp., are 
both close to that listed in Table |H| for the Sc galaxies 
in the R r filter, Mo(R r ) = -19.8. Moreover, Fig. 3 of 
Ijerien fc Tammannl l|l997l) shows that the Sb LF may have 
a similar magnitude distribution as the Sc LF, in both the 
Centaurus and Virgo clusters, whereas the Sa LF has a 
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brighter peak in both clusters. The local intrinsic LF for 
Sc galaxies can therefore be used to model the Sb+Sc LF, 
thus validating our interpretation of the Gaussian compo- 
nent of the ESS intermediate-type LF as due to Sb+Sc 
galaxies. This in turn suggests that the Spiral galaxies 
detected in the Centaurus and Virgo cluster may be rep- 
resentative of those detected in the ESS. 

The r.m.s. dispersion £ of the Sb+Sc Gaussian compo- 
nent is 0.88+0.17 for the R c < 20.5 sample, and 0.91+0.18 
for R c < 21.5. These 2 values are in good agreement, with 
a 0.1 2- a difference. They are however smaller than the dis- 
persion £ ~ 1.2 for the local Sc LF (see TableEJ). As shown 
in Fig. [2t>, only the Sc galaxies of earliest spectral type 
are included in the intermediate- type class. A narrower 
dispersion might be expected for this sub-population. It is 
also likely that a significant part of the difference with the 
ESS dispersion £ ~ 0.9 results from the selection effects 
discussed in Sect. 14. 31 which cause under-sampling at both 
the bright and faint ends of the ESS LFs. 

The central panels of Fig. II II show that both the char- 
acteristic magnitude M* and the faint-end slope a of the 
dSph Schechter component are poorly constrained by the 
intermediate- type LFs, in contrast to the Gaussian compo- 
nent. The effect on a is more acute for the R c < 20.5 sam- 
ple, as the SWML solution has only few points fainter than 
the peak of the Gaussian component. For the R c < 21.5, 
the SWML solution reaches nearly one magnitude fainter, 
to M(R C ) ~ —16.5, thus putting tighter constraints on 
a. The differing value of M* by ~ 1.6 mag obtained for 
the R c < 21.5 sample using the iterative fit and the 
M* > -19.43 constrained fit resp. (see Tabled illustrate 
the difficulty in constraining M* . 

Conversion into the £?t band of M*(R C ) ~ —19, ob- 
tained from the iterative fit to the R c < 20.5 sample, and 
from the M* ^ -19.43 constrained fit to the R c < 21.5 
sample, yields M*(Bt) — —17.3 (as in Table we use 
the color term for Sab galaxies listed in Table [SJ. We re- 
call that in the ESS, the LF for the dSph is expected 
to result from the combination of the LFs for dSph in 
groups and in the field (see Sect. Oil M*(B T ) ~ -17.3 
is indeed intermediate between the values for the Virgo 
and Centaurus clusters listed in Table El and the fainter 
value suggested by fie ld dSph galaxies in t he Ursa Major 
cloud (see Fig. 10 of LBinggeli et al .11 1990(1 . We therefore 
adopt as a likely characterization of the dSph component 
included in the ESS intermediate-type LF that derived 
from the R c < 21.5 sample, with M*(R C ) = -18.98 + 0.37 
and a — —1.53 ± 0.33. Note however that, even in the 
R c < 21.5 sample, the large uncertainty a(a) = 0.33 
makes the faint-end slope of the dSph LF component de- 
rived from the ESS compatible with those derived from 
both the Centaurus and Virgo clusters, at less than the 
l-<7 level. 



4.5. The ESS late-type luminosity function 

We propose a similar parameterization for the ESS late- 
type LF as for the intermediate-type LF. Figure[21suggests 
that the ESS late-type class contains predominantly Sc 
and Sd/Sm galaxies. Although the Sc and Sd/Sm popula- 
tions can be modeled as 2 separate Gaussian LFs with the 
Sd/Sm LF shifted t o fainter magnitudes (see Tab le El and 
ISandage et allll985|) . Fig. 3 of lJerien fc Tammannl jl997h 
shows that the magnitude distribution of the Sd/Sm 
galaxies, is included in that for the Sc galaxies. The con- 
tribution from Sd/Sm galaxies can therefore conveniently 
be included into the Sc LF, and we denote Sc+Sd this 
joint LF. We then model the ESS late-type LF as the 
composite sum of a Gaussian LF for the Sc+Sd galaxies, 
and a Schechter function for the Im+BCD galaxies (de- 
noted dl) . We then show a posteriori that the contribution 
from Sd/Sm galaxies to the composite function modeling 
the ESS late-type LF is negligeable, as it is dominated at 
all magnitudes considered by the contribution from either 
the Sc or the dl galaxies. 

The right panels of Fig.llllshow the iterative STY fits 
of the Gaussian+Schechter composite LF to the late-type 
galaxies with R c < 20.5 and i? c < 21.5; the Sc+Sd LFs 
are shown as dotted lines, and the dl LFs as dashed lines 
(the corresponding parameters are listed in Table Q). The 
increased values of the likelihood ratios (0.59 and 0.61 
resp.) compared with the values for the pure Schechter 
fits (0.46 and 0.51 resp.) show that the composite fits are 
better descriptions of the ESS late-type LFs. Moreover, 
the fitted Gaussian peak for the Sc+Sd component in both 
the R c < 20.5 and R c < 21.5 samples (-18.72 ± 0.34 
and —18.86 ± 0.29) is remarkably close to the mean value 
of M (R C ) for the Sc and Sd/Sm local LFs, M (i? c ) = 
-18.75 (see Table®. 

The measured dispersion of the Sc+Sd Gaussian com- 
ponent is £ = 0.86 ± 0.14 and £ = 0.97 ± 0.13 for the 
R c < 20.5 and R c < 21.5 LFs resp., which agree at less 
than ~ 1-er. Values of 1.2 ± 0.1 and 0.8 ± 0.1 are however 
listed in TableEJfor the Sc, and Sd/Sm components respec- 
tively. As for the intermediate-type LF (Sect. 14. 4|) . only 
part of the Sc galaxies are expected to be included in the 
late-type class, those of later spectral- type (see Fig. 0i), 
and this sub-class may have a narrower dispersion than 
the full Sc population. The already mentioned sampling 
effects which bias the Gaussian dispersion towards low val- 
ues might also affect the ESS late- type LF (see Sect. 14. 3j) . 

The STY composite fits of the late-type LF yield val- 
ues of M*(R C ) for the dl Schechter component which are 
in agreement for the R c < 20.5 and R c < 21.5 samples 
(M*[R C ] differs by less than ~ 1-c), with a mean value 
M*(R C ) ~ —17.7. This value is intermediate between the 
values for the Virgo and Centaurus cluster (see Table 
El. Moreover, the faint value M*(R r ) = -16.74 mea- 
sured from the Virgo cluster l|jerien k. Tammannl Il997|) 
can be excluded: whatever the dispersion of the Gaussian 
LF for the Sc+Sd galaxies, and whatever the slope a 
for the dl component, a faint M*(R C ) prevents from ad- 
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Fig. 12. Other composite fits of the ESO-Sculptor late- 
type luminosity functions for the R c < 20.5 and R c < 21.5 
samples. Dotted and dot-dashed lines show the Spiral LFs, 
dashed lines show the dwarf galaxy LFs (dl). Solid lines 
show the composite LFs resulting from the sum of the 
individual components, except for the Sd/Sm component 
only shown as indicative (see text for details). Here, the 
Schechter slope a of the dl component is fixed to —0.3, 
as measured from the Virgo cluster (see Tables E] and d • 
The other LF parameters are listed in Tabled 



justing simultaneously the ESS late-type LF in the inter- 
vals -19 < M(R C ) < -18 and -18 < M{R C ) < -16. 
Conversion of M*(R C ) ~ —17.7 into the £? T band yields 
M*(B T ) ^ -17.1 (as in Table HO we use the color term 
for Sm/Im galaxies listed in Table EJ)- This value appears 
consistent with that suggested b y field dl galaxies in the 
Ursa Major cloud (see Fig. 10 of lBinggeli et alJll990lL 



In contrast, the values of a for the dl Schechter 
component of the ESS late-type LF differ by 3.6-ct for 
the R c < 20.5 and R c < 21.5 samples: the slopes are 
a = -0.83 ± 0.26 and a = 0.39 ± 0.21 respectively. The 
Centaurus slope a = —1.35 (see Table EJ) is too steep 
to match the LF of either sample, whereas the slope 
a = —0.31 measured from the Virgo cluster is accept- 
able for both samples: by fixing Mq(Rc) and E for the 
Gaussian component to the best fit values obtained in the 
iterative fits (Tabled), and the Schechter slope a to —0.30, 
the STY solution yields values of M*(R C ) which differ 
by less than 1-a for the R c < 20.5 and R c < 21.5 sam- 
ples (and by ~ 1-a from the respective values obtained 
by the iterative STY fits); the corresponding likelihood 
ratios are 0.41 and 0.44 (the parameters for these con- 
strained fits are listed in Tabled just after the iterative 
fits, and are plotted in Fig. I12|) . Similar likelihood ratios 
are also obtained when a is fixed to —0.40: 0.43 and 0.42 
for the R c < 20.5 and R c < 21.5 samples respectively. For 
a < —0.50 or a > —0.20, the likelihood ratios for the 2 
samples differ by at least 0.6. Also, although the redshift 
incompleteness is corrected for in the calculation of the 
SWML solution (see Sect. 13. l^ . the low amplitude of the 
faintest 3 points in the R c < 21.5 LF, which causes the 
high value a — 0.39 ± 0.21, could be explained by a dif- 
ferential bias against late morphological type at this faint 
limit: beyond the nominal limit of R c < 20.5, objects with 
preferentially steeper light profile were observed, in order 
to insure a sufficient signal-to-noise ratio in the spectra; 
these objects are likely to have an earlier morphological 
type. 

Using the faint-end slope a = —0.83 obtained for the 
R c < 20.5 sample as the steeper allowed value, and the 
common value a = —0.3 as an upper limit, we obtain the 
constraint that the faint-end slope of the ESS late-type 
dwarf component lies in the interval —0.8 ^ a ^ —0.3. 
However, as for the intermediate-type LF, the ESS weakly 
constrains the faint-end slope of the dl component, and we 
regard these limits on a as tentative. 

To evaluate contribution from the Sd/Sm galaxies to 
the ESS late-type LF, we also plot in the right panels of 
Figs. Ulland in Fig.fL2lthe expected Sd/Sm LF with the 
shape listed in Table El and the amplitude <f>Q defined such 
as the integral over the Sd LF is half the integral over the 
Sc+Sd LF for M(R C ) < -16.6. We justify this choice a 
follows: 



Fig. 3 of Ijerien fc Tammannl l|l997|) shows that for 
M(Bt) < —15.5, the Sd/Sm galaxies amount to ap- 
proximately half the number of Sc galaxies; 
M(B T ) < -15.5 corresponds to M(R C ) < -16.6 when 
using M(Bt) — M(R C ) = 1.1 for an Scd galaxy (see 
Table EJl; 

if one assume that about half of the Sc galaxies are 
included in each of the ESS intermediate and late- 
type classes, the Sc galaxies then contribute in equal 
amount as the Sd/Sm galaxies to the late- type LF, 
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and the expected ratio of Sd over Sc+Sd galaxies with 
M{R C ) < —16.6 is approximately 0.5. 

The resulting amplitudes </>o for the Sd/Sm LF in the 
R c < 20.5 and R c < 21.5 are listed in Tabled Figures ITT1 
or E| show that in the full magnitude range considered, 
the Sd/Sm component is a factor ~ 10 smaller than the 
late-type LF. This confirms a posteriori that the Sd/Sm 
galaxies have a negligeable contribution to the ESS late- 
type LF, and could not be constrained as a separate com- 
ponent in the composite fits. 

4.6. The ESS peak surface brightness distributions 

We now use the surface brightness (SB) of the ESS galax- 
ies to provide further evidence for the contribution of 
dwarf galaxies to both the interm ediate- type and late- type 
classes. The SExtractor package ijBertin fc Arnouts1ll996(l 
was used for image an alysis of the ESS photometric survey 
\ Arnouts et al.lll99^) . and among the extracted parame- 
ters is the peak SB of the objec ts, calculated in th e one 
object pixel with the highest flux. lGalaz et alJ <)2002j) show 
that the central SB in the near-infrared is strongly corre- 
lated with fundamental physical parameters for low-SB 
galaxies. Extrapolating this result to optical wavelengths, 
we use for each galaxy in the ESS its SExtractor peak 
SB in the R c band (denoted S Speak) and correct it for 
(i) the K-correction of the corresponding galaxy, and (ii) 
the dimming due to the expansion of the Universe, which 
varies with redshift z as 2.51og(l + z) 4 ; across the ESS 
survey, the SB dimming varies from 0.41 mag at z = 0.1 
to 2.04 ma s at z = 0.6. We obtain a "rest-frame" peak SB 
defined as 

SB pcak/lcst = S£ pcak - 10 log(l + z)- K(z, 6') (17) 

(see Sect. 12.31 for the definition of the K-correction 
K[z, 6']). The resulting S , -B pC ak/rost describes the interval 
18 Ss fio S5 22.5 mag arcsec -2 in the R c band for the 617 
ESS galaxies with R c < 20.5. 

These values of the rest-frame peak SB cannot however 
be directly compared among them, because the peak pixel 
over which they are calculated corresponds to a varying 
physical aperture at different redshifts. Moreover, as 2 dif- 
ferent telescopes and 4 different CC Ds were used oyer th e 
course of the photometric survey l|Arnouts et alJll997h . 
with pixels scales of 0.35 arcsec/pixel, 0.44 arcsec/pixel, 
and 0.675 arcsec/pixel in the R c filter, the physical trans- 
verse size over which the rest-frame peak SB is calcu- 
lated can take 3 different values at a given redshift. We 
thus calculate for each objet the physical transverse "ra- 
dius" of the peak pixel, denoted r poak , and defined as the 
product of half the pixel size A p - lx (in radians) by the 
angular-distance diameter c^d = <^l/(1 + z) 2 , where c?l 
is the luminosity distance given in Eq. [7| The resulting 
values of r pcak vary from ~ 0.15ft. -1 kpc at z ~ 0.05 to 
- 0.5ft -1 kpc, - 0.6ft -1 kpc, - 0.95ft -1 kpc at z ~ 0.3, 
and to ~ 0.65ft -1 kpc, ~ 0.85ft -1 kpc, ~ 1.3ft -1 kpc at 



z ~ 0.6 (the 3 values correspond to the 3 above mentioned 
pixel sizes). 

These variations in r pea k for the ESS result in signif- 
icant variations in the average SB measured within the 
peak p ixel: for example, as shown bv lBinggeli & Cameron! 
( 1991J), the SB profile of giant and dwarf Elliptical galax- 
ies in the Virgo cluster steeply decreases outwards, and 
varies by ~ 3 to ~ 5 magnitudes when the physical ra- 
dius varies from ~ 0.5ft -1 kpc to ~ 1.5ft -1 kpc (see also 
iBinggeli fc .Ier^rI l998L For comparison of the rest- frame 
peak SB among the 3 spectral classes, we therefore sepa- 
rate galaxies within each spectral class into the following 
3 intervals of r pcak : r pcak < 0.6ft -1 kpc, 0.6 < r pcak < 
0.8ft -1 kpc, and r pcak > 0.8ft -1 kpc; these values are cho- 
sen so that there are more than 40 galaxies in each sub- 
sample of each spectral class. Note that the variable seeing 
conditions during the course of the survey also affect the 
measured peak SB. Seeing is most effective in decreasing 
the peak SB of objects with steep profiles, thus decreasing 
the contrast between objects with high and low peak SB. 
The segregation between galaxies with high and low peak 
SB detected in Fig. ^| below might thus be intrinsically 
larger. 

Figure IT51 shows the resulting histograms of rest-frame 
peak SB for the 3 intervals of r pcak within each ESS spec- 
tral class, for R c < 20.5 and R c < 21.5. For r pcak < 
0.6ft -1 kpc and 0.6 < r poak < 0.8ft -1 kpc (top and mid- 
dle panels), the intermediate-type and late-type galaxies 
with R c < 20.5 show a low SB tail, which is not present 
in the early-type galaxies. For r pcak > 0.8ft -1 kpc , the 
effect is only visible for the late-type galaxies. For all 3 
intervals of r poak , the effect persists at R c < 21.5, with a 
larger fraction of galaxies in the low-SB tails. The ab- 
sence of low-SB tail for the intermediate-type galaxies 
with r poak > 0.8ft -1 kpc can be explained as follows: the 
ESS galaxies with r pcak > 0.8ft -1 kpc have z ^ 0.25, 
and are therefore brighter than M(i? c ) ~ —19.2, due 
to their K-corrections (see Fig. [5] in Sect. 13.21 above). 
However, as shown in Fig. 1111 the early-type dwarf con- 
tribution to the intermediate-type LF becomes dominant 
only at fainter magnitudes than this limit. The early-type 
dwarf galaxies are therefore inherently excluded from the 
f P eak > 0.8ft -1 kpc sub-samples, which in turn explains 
the absence of the low SB tails for these samples. This se- 
lection effect has a smaller impact on the late-type galax- 
ies, as these have a smaller K-correction, and a steeply 
increasing LF at M(R C ) ~ —19.0: a non-negligeable frac- 
tion of the late-type galaxies are thus included in the 
''peak > 0.8ft -1 kpc samples, at both R c < 20.5 and 
R c < 21.5. 

We also observe a correlation between SB and M(R C ) 
magnitude for the ESS galaxies in both the r pcak < 
0.6ft -1 kpc and 0.6 < r poak < 0.8ft -1 kpc sub-samples, 
with fainter galaxies having fainter SB. The galaxies with 
low SB detected in both the intermediate-type and late- 
type galaxies are therefore low luminosity objects. This 
provides further evidence that the faint components of 
the ESS intermediate-type and late-type LFs are indeed 
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Fig. 13. Comparison of the ESO-Sculptor rest-frame peak 
surface brightness at R c < 20.5 (3 left panels) and R c < 
21.5 (3 right panels), for the early- type (red solid line), 
intermediate- type (green dotted line), and late- type (blue 
dashed line) galaxies, using redshift increments Az = 0.04. 
The 3 spectral classes are separated according to the phys- 
ical radius r pea k of the peak pixel over which is calcu- 
lated the surface brightness: top, middle, and bottom pan- 
els correspond to r pca k < 0.6/i -1 kpc, 0.6 < r pca k < 
0.8/i -1 kpc, and r pea ^ > 0.8/i -1 kpc respectively. 

dwarf galaxies, characterized by both low luminosity and 
low SB. 

For the reasons discussed above, the measured peak 
SB for the ESS galaxies cannot be directly compared 
with the SB measurements derived from nearby galaxies. 
For example , in th e Sculptor and Centaurus A groups, 
IJerien et a l. (2000) derive the extrapolated central SB 
calculated by adjustment of Sersic models to the object 
profiles: this yields relatively brigh t SB. For the Virgo 
cluster, iBinggeli fc Camero calculate the mean 

SB within the effective radius defined to contain half 
of the total light of the galaxy, which varies by a fac- 
tor of 3 among the populations of Virgo giant/dwarf 
Elliptical and Lenticular galaxies (see their Fig. 1). The 
ESS results can however be compared with the results of 
iTrentham fc Hodgkinl lj2002j) , who measure the average B 
band SB of Virgo cluster galaxies within a constant cir- 
cular aperture of 6 arc-second radius: at the redshift of 
Virgo (z ~ 0.0038), this cor responds to 0.33/i -1 kpc. The 
values of SB measured by ITrentham fc Ho dgki nf <|2002h 



can thus be compared with those for the ESS galaxies 
in the r nsa k < 0.6/i - 1 kpc sub-sample. As in the ESS, 
ITrentham fc Hodgkinl ^2002) show a tight correlation be- 
tween SB and absolute magnit ude, with brighter galaxies 
having brighter S B (see also IBinggeli fc Cameron! Il99lt 
IJerien et al ] |2000|) : the E/S0 and Spiral galaxies populate 
the bright part of the Virgo sequence in the SB interval 
~ 18 — 23B mag arcsec -2 for Virgo, and the early-type 
and late-type dwarf galaxies populate the faint part of 
the sequence, with ~ 21 — 27 B mag arcsec -2 . At a SB 
of > 22B mag arcsec -2 , the dwarf galaxies dominate in 
numbers over the giant galaxies. This limit corresponds 
to ~ 20.7i? c mag arcsec -2 for a dE galaxy, assuming the 
color of an Sab galaxy (see Table|H|), and to ~ 21.4i? c mag 
arcsec -2 for an Im galaxy (see Table EJ|. Interestingly, the 
SB histograms for the ESS intermediate-type and late- 
type galaxies with r pca k < 0.6/i -1 kpc in Fig. ^| both 
show a local peak (at faint SB) within less than 0.2 mag 
from these values; the sharp decrease in objects fainter 
than these peaks is caused by incompleteness. This com- 
parison thus provides evidence that the low SB tails of 
the ESS intermediate-type and late-type classes contain 
dwarf galaxies similar to those detected in nearby clusters 
as Virgo. 

In Fig. El the variations in the SB distributions as 
a function of r pea k also provide evidence of varying pro- 
files among the ESS galaxies. When going to larger val- 
ues of r pea k, the SB histograms for the intermediate- type 
and late-type galaxies maintain a nearly constant median 
value of SB, whereas the early- type galaxies show a shift 
to fainter SB. This can be interpreted as a signature of 
the steeper profil e s for E galaxies, which according to 
IBinggeli fc Jerienl lll998f) have Sersic parame ter n — 0.1 
to 0.5; in contrast. IBinggeli fc Jerienl l|l998|) show that 
the SB profile of the early- type/late- type dwarf and the 
Spiral galaxies are better fitted by flatter profiles, with 
0.3 ^ n & 2.0 On = 0.25 corresponds to the r 1 / 4 law by 
Ide Vaucouleurslll948l: n = 1 corresponds to an exponen- 
tial profile, as measured bv iFreemanl Il97(j for the disk 
component of Spiral and SO galaxies). The effect can be 
interpreted as follows: for smaller values of r pea k, steeper 
parts of the SB profile of E galaxies are sampled, and 
brighter values of SB are derived. The SO and Sa galaxies 
also included in the early-type class might also contribute 
to the effect, as the bulges have a significant contribution 
to the object profile in the central parts of the galaxies. 

5. Conclusions and prospects 

The present analysis of the ESO-Sculptor Survey (ESS) 
provides new measurements of the B, V, and R c lumi- 
nosity functions (LF) of galaxies at z 0.6. We use a 
PCA-based spectral classification, and a technique pro- 
viding a parametric estimation of the K-corrections as a 
function of redshift and spectral type. From these, we 
derive absolute magnitudes accurate to 0.09 mag in R c , 
0.13 mag in V, and 0.16 mag in B for the nearly complete 
sample of 617 galaxies with redshift at R c < 20.5. The 
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LFs are then calculated for 3 spectral-type sub-samples 
with comparable numbers of galaxies, denoted early-type, 
interm ediate-type , and late-type respectively. Projection 
of the iKennicuttl l|l992() galaxies onto the ESS spectral 
sequence shows that the 3 spectral classes correspond to 
morphological types E/SO/Sa, Sb/Sc, and Sc/Sm/Im re- 
spectively. 

The derived LFs for each spectral type have a similar 
behavior in the B, V and R c bands, which indicates that 
they measure physical properties of the underlying galaxy 
populations. They are well fitted by Schechter functions, 
with a dimming of the bright-end and a steepening of the 
faint-end when going from early- type to late- type galaxies. 
Because the spectroscopic sample was selected in the R c 
band, the V and B band LFs suffer from incompleteness in 
blue galaxies at the faint limit; this bias tends to weaken 
the steepening of the faint-end of the LF for late-type 
galaxies. 

We then compare the ESS spectral-type LFs with 
the results from the comparable CNOC2 redshift survey 
(|Lin et al .111991 . the only other redshift survey to similar 
depth and based on a spectral classification. The Schechter 
fits to the ESS LFs in the B and R c bands are in agree- 
ment with those from the CNOC2. In the V band, the 
ESS provides the first estimates of intrinsic LFs at z ~ 0.3. 
Further comp arison of the ESS wit h other redshift surveys 
is reported in lde LapparentJ l)2003|) . in which is performed 
a detailed analysis of all the existing measurements of in- 
trinsic LFs in the UBVR C I C bands from redshift surveys 
with effective depth ranging from z ~ 0.03 to 0.6. By using 
the l ocal intrinsic LFs pe r morphological type as a refer- 
ence, Ide Lannarentl l(2003h shows how the existing redshift 
surveys may mix galaxies of different morphological types, 
thus complicating the interpretation of their LFs. 

The salient results of the present article are ob- 
tained by fitting the 3 ESS spectral-type LFs in the R c 
band with composite functions suggested by the intrin- 
sic LFs measured locally for each morpho logical type in 
the Virgo, Centaurus, and Forn ax clusters l)Sandage et alJ 
Il985tljerien fc Tammannll997|) . Specifically, we show that 
the ESS spectral-type LFs can be modeled as follows: 

— the early-type LF: by a two-wing Gaussian function 
representing the contributions from E, SO, and Sa 
galaxies; 

— the intermediate- type LF: by the sum of a Gaussian 
function representing the Sb+Sc galaxies, and a 
Schechter function with a steep slope (a —1.5) repre- 
senting the contribution from dwarf Spheroidal galax- 
ies, which dominates at M(R C ) <: —19.0. 

— the late-type LF: by the sum of a Gaussian function 
for the Sc+Sd galaxies, and a Schechter function with 
a flat or weaker slope (—0.8 & a & —0.3) represent- 
ing the dwarf Irregular galaxies, which dominate at 
M(R C ) <; -19.0. 

The interesting aspect of the comparison of the ESS 
spectral-type LFs with the local intrinsic LFs is that 



it provides clues on the various galaxy populations in- 
cluded in the ESS spectral classes. It first shows that the 
bright end of the 3 spectral-type LFs is dominated by 
giant galaxies (E, SO, Spirals). It also reveals the contri- 
bution from dwarf galaxies to the faint-end of both the 
ESS intermediate-type and late-type LFs. These dwarf 
galaxies lie at z & 0.2 and are characterized by low lu- 
minosity (A1[R C ] <; —18.5) and low surface brightness 
(<; 20.5 i? c mag arcsec -2 averaged within a physical ra- 
dius of 0.6 — OSh" 1 kpc). This interpretation of the ESS 
spectral-type LFs illustrates how a spectral classification 
may mix galaxies of different morphological type: the ESS 
intermediate-type class may contain both Spiral (Sb+Sc) 
galaxies and dwarf Spheroidal galaxies. 

Comparison of the ESS LF components for the vari- 
ous morphological ty pes with the local intrinsic LF s by 
ISandaee et alJl)l985|) and lJerien fc TammaniJ ljl997|) sug- 
gests that the shape of the LFs for the individual Hubble 
types might not vary markedly in the redshift interval 
^5 z 0.6: contributions from Gaussian LFs for gi- 
ant galaxies (E, SO, Sa, Sb, Sc) with similar peak mag- 
nitudes as locally can be adjusted to the ESS LFs. The 
systematically narrower dispersion for the ESS Gaussian 
components can be explained by selection effects inherent 
to magnitude-limited redshift surveys, which cause under- 
sampling at both the bright-end and faint-end of the ESS 
LFs. A contribution from environmental effects is also ex- 
pected, such as the presence of brighter giant galaxies in 
clusters than in sparse groups and the field, due to the 
higher frequency of merging and cannibalism in dense re- 
gions. The same dimming of the characteristic luminosity 
which is observed locally when going to later Spiral type 
(from Sa, to Sb, Sc, and Sd/Sm) is observed in the ESS. 
Because late-type Spiral galaxies are brightened in the op- 
tical by their higher star formation rates compared with 
early-type Spiral galaxies, their dimming in luminosity is 
indicative of a systematic decrease in mass. 

For the dwarf galaxies, the ESS composite fits sug- 
gest a steeper slope for the early-type dwarf LF (a <; 
— 1.5) than for the late-type dwarf LF (0.8 Ss a ^ 
—0.3), as already detected in several nearby groups and 
clusters llSandage et alJ Il985l IJerien fc Tammaiml Il997t 
Ijerien et al.ll2000|) . This confirms earlier suggestions that 
the late-type dwarf LF is bounded at the faint-end 
ijSandage et alll985Ujerien et al.1200 0?). Nevertheless, the 
ESS only probes the brightest part of the dwarf galaxy 
LFs, to M(R C ) < —16, and therefore puts poor constraints 
on their actual slope faint-end slope. The characteristic 
magnitude M* of the Schechter LFs for the dwarf galax- 
ies is also poorly constrained by the composite fits. We 
thus emphasize that due to the various incompleteness ef- 
fects, the specific ESS composite fits should not be used 
as quantitative constraints on the intrinsic LFs at z ~ 0.3. 
These fits should rather be considered as indicative of the 
possibilities expected by application to forthcoming larger 
samples. These limitations point to the need for field mea- 
surements based solely on dwarf galaxy samples. 
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Recent results do provide information on the local 
dwarf galaxy LFs at faint magnitudes. In their study 
which combines all available data on dwarf galaxies in 
the Sculptor, Centau rus A, and M81 groups, together 
with the Local Group. ljerien et al I ll200(l) measure a steep 
slope a = —1.29 ±1.10 for dwarf galaxies brighter than 
M(-Bx) = —14.0; in these data, late-type dwarf galax- 
ies dominate over early-type dwarf for M(B^) < —14.0, 
and early-type dwarf galaxies represent an increasing pro- 
portion at fainter magnitudes (out to M[£?t] — —9.0); in 
these data, the LF for the late-type dwarf galaxies reaches 
its maximum in a "plateau" located in the interval — 16 < 
M(B T ) < -14 which corresponds to -16.6 < M(R C ) < 
— 14.6 in the ESS (using Sm/Im colors, see Table |SJ). 
Recent observations of 5 nearby clusters and groups (in- 
cluding the Virgo cluster) obtained with the NAO J Subaru 
8 m telescope on Mauna Kea suggest a similar faint-end 
slope for each structure, with an averag e value a = —1.2 in 
the in terval -18.0 < M(R) < -10.0 l|Trentham fc Tullvl 
2002|). The fraction of dE over dE+dl galaxies is estimated 
to be 83 ± 12% in the Virgo cluster, the richest of the 5 
concentrations, and decreases to 33 ± 19% in the least dy- 
na mically evolved group, NG C1023. Although the survey 
bv lTrentham fc Tullvl (2002) does not put constraints on 
the separate faint-ends of the LFs for the dwarf Spheroidal 
and dwarf Irregular galaxies, it suggests a universal slope 
a = —1.2 for the sum of the two populatio ns. The mean 
LF measured bv iTrentham fc Tullvl l|2002j) is also domi- 
nated by the Gaussian component for giant galaxies at 
M(R) < —19.5, and is separated from the power-law be- 
havior at faint magnitudes by a transition region in the 
interval —19.5 M(R) —18.0, characterized by a knee. 
Note that in the pure Schechter fits, the faint-end slope is 
actually determined by the LF in this very magnitude in- 
terval. This yields the steep slope a — — 1.64±0.23 for the 
ESS late-type LF, whereas a flatter slope —0.8 ^ a ^ —0.3 
is derived when the LF is decomposed into its intrinsic 
components. This casts further doubt on the adjustment 
of the LFs from redshift surveys by pure Schechter func- 
tions, and emphasizes the usefulness of the composite fits 
such as performed here. 

Because giant and dwarf galaxies show marked differ- 
ences in both their LFs and their spatial distributions, we 
expect that their detailed description produce crucial con- 
straints for the N-body models, thus y ielding clues on the 
mechanisms for galaxy formation fsee iMathis et al.l l2002: 
iMathis fc White! 12002ft . Note that an evolutive sequence 
among the dwarf galaxies, which could be closely linked 
to galaxy int eractions and mer ging, is suggested both by 
observat ions llSung et al.lll998[l and models of galaxy for- 
matio n l|Valageas fc Schaefferlll99li lOkazaki fc Taniguchi 
2000J). Measuring the intrinsic LFs for each class of dwarf 
galaxies, in various environments, could help in constrain- 
ing these evolution scenarii. 

Most importantly, the present analysis of the ESS 
LFs, and their comparison with the local intrinsic LFs 
per morphological type points to the importance of sep- 
arating the galaxy populations which have different in- 



trinsic LFs. The ESS spectral- type LFs also illustrate 
the limits of measuring intrinsic LFs from redshift sur- 
veys in which galaxies are solely classified from their 
spectra, as spectral classification is insufficient to sep- 
arate giant and dwarf galaxies. The best approach for 
measuring intrinsic LFs is to use a morphological clas- 
sification. Several schemes for quantitat ive galaxy clas- 
sifica t ion have been proposed so far llBershadv et alJ 
| 2000l: lAbraham fc Merrifieldl I2OO0I: iRefregier et all l200lt 
lOdewahn et alJ 12002'). The present analysis of the ESS 
LFs suggests that a useful morphological classification 
for measuring intrinsic LFs could also include the sur- 
face brightness profile of the galaxies, as it provides key 
information for separating the giant and dwarf galax- 



ies (Binggcli fc Gameronl Il99ll iFerguson fc Binggelilll994t 
iBinggeli fc Jerienlll998UMarleau fc Simardlll998h . 

Knowledge of surface brightness also allows mea- 
surement of the bi-variate brightness distribution, de- 
fined as the variations of the galaxy LF with abso- 
lute magnitude and s urface brightness. As shown by 
lAndreon fc Guillandrel l|2002l) . the "general" bi-variate 
brightness distribution in the Coma cluster steepens and 
shifts to fainter luminosities at lower surface brightnesses, 
in agreement with the steep LF measured for dwarf galax- 
ies in nearby groups and cluste r s of galaxies ( Jerien et alJ 
l200ft ITrentham fc Tullvl l2002h . ICross et all |200ll) show 
that accounting for the distribution in surface bright- 
ness provides unbias ed estimates of the "general" luminos- 
ity de nsity (see also lCross fc Driverll2002fh iBarazza et alJ 
(2001) also detect a higher means surface brightness in 
field and group late-type dwarf galaxies than in cluster 
late-type dwarf, which in turn suggest different histories in 
the various environments. Significant improvements over 
the existing analyses could be brought by including mor- 
phological classification into the analyses of the bi-variate 
brightness distribution, as surface brightness alone is not 
sufficient to discriminate among the different morphologi- 
cal types present at a given surface brightness level. Colors 
and spectral classification might provide part of this ad- 
ditional information, as they may enable one to differen- 
tiate among the giant galaxies (E, SO and Spiral) on one 
hand, and among the dwarf galaxies (dE, dSO and dl) on 
the other hand. Measurement of the bi-variate brightness 
distribution for each morphological type appears as the 
ultimate goal to aim at. 

The ESS sample analyzed here is not large enough 
for measuring either the intrinsic LFs per morphologi- 
cal type or the bi-variate brightness distribution. Such 
detailed analyses require large redshift samples, with 
at least ~ 10 5 galaxies. Samples that large are be- 
ing obtained at z ^ 0.2 by 2 dedicated surveys, the 
Sloan Digital Sky Survey (see http://www.sdss.org/ 
iBlanton et alll2002l) . and the 2dF Galaxy Redshift Survey 
(s ee http://www.mso.a nu.edu.au/2dFGRS/). As shown 
bv lde Lappar ent (2003), the scheme used so far for galaxy 
classification i n the 2dF survey (bas ed on PCA spectral 
classification, iMadgwick et alJ I2 QQ2} and interp reted in 
terms of star formation history. iMadgwickl 120031 appears 
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insufficient for measuring the i ntrinsic LFs, wherea s the 
SDSS estimates based on colors l|Blanton et alJ200l|) seem 
more successful. Useful results on the i ntrinsic LFs at z ~ 
1 should be ob tained from the DEE P2 l|Davis et all2002|) 
and VIRMOS jEe Fevre et all200l|) surveys thanks to ef- 



ficient multi-slit spectrog raphs on the Keck ( Cowle^£t_al 
19971 1 James et al.lll998|) and ESO-VLT l|Le Fevre et al 



2001) telescopes, respectively. The present analysis of the 



ESS emphasizes the need that these various surveys use 
objective algorithm for galaxy classification which are able 
to separate the giant and dwarf galaxy populations along 
with the different morphological types within these 2 pop- 
ulations. 

Another forthcoming survey is also expected to pro- 
vide significant contributions to the measurement of 
the intr insic LFs to z 1: the Large-Zenith- T elescope 
project l|Cabanac et alJl20 02: Hick son et al.lfl998l see also 
http://www.astro.ubc.ca/LMT/lzt.html), which will pro- 
vide "photometric redshifts" with an accuracy a(z) < 
0.05 at z ^ 1, u s ing 40 medium-band filters. As shown 



bv Ide Lapparend fe003l). the CAD IS l|Fried et all l200l[) 
and COMBO- 17 l|Wolf et alJl2003j) surveys with similar 
redshift accuracy (a(z) < 0.03) succeed in measuring 
spectral-type LFs in good agreement with the ESS and 
CNOC2 (for which a(z) £ 0.0005). We therefore expect 
that the Large-Zenith- Telescope provides detailed mea- 
surements of the intrinsic LFs and bi-variate brightness 
distributions to z ^ 1, thanks to its expected 10 6 galax- 
ies. 

If complemented by detailed and quantitative morpho- 
logical information, the mentioned next-generation sur- 
veys will allow one to study whether and how the intrin- 
sic LFs vary with redshift and local density. Most redshift 
surveys to z k, 0.5 have det ected significant evolution in 
several of the intrinsic LFs l|Lillv et alJll995t iHevl et ail 
Il997t iFried et ai]l200lL A marked evolution is also de- 
tected in the ESS, and is r eported and compared with the 
previous measurements in Ide Lanparent et a ll2003h . In 
contrast, the exist ing detection of a va riation of the LF 
with local density ijBromlev et al.lfl998j) is poorly conclu- 
sive. The mentioned next-generation surveys with ~ 10 5 
to 10 6 galaxies should address these issues in further de- 
tails and with improved statistics. 
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